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A B S T R A C T
Along most of the Pacific Coast of North America, sand dunes are dominantly silicate-rich. On the California
Channel Islands, however, dunes are carbonate-rich, due to high productivity offshore and a lack of dilution by
silicate minerals. Older sands on the Channel Islands contain enough carbonate to be cemented into aeolianite.
Several generations of carbonate aeolianites are present on the California Channel Islands and represent the
northernmost Quaternary coastal aeolianites on the Pacific Coast of North America. The oldest aeolianites on the
islands may date to the early Pleistocene and thus far have only been found on Santa Cruz Island. Aeolianites
with well-developed soils are found on both San Miguel Island and Santa Rosa Island and likely date to the
middle Pleistocene. The youngest and best-dated aeolianites are located on San Miguel Island and Santa Rosa
Island. These sediments were deposited during the late Pleistocene following the emergence of marine terraces
that date to the last interglacial complex (~120,000 yr to ~80,000 yr). Based on radiocarbon and luminescence
dating, the ages of these units correspond in time with marine isotope stages [MIS] 4, 3, and 2. Sea level was
significantly lower than present during all three time periods. Reconstruction of insular paleogeography in-
dicates that large areas to the north and northwest of the islands would have been exposed at these times,
providing a ready source of carbonate-rich skeletal sands. These findings differ from a previously held concept
that carbonate aeolianites are dominantly an interglacial phenomenon forming during high stands of sea. In
contrast, our results are consistent with the findings of other investigators of the past decade who have reported
evidence of glacial-age and interstadial-age aeolianites on coastlines of Australia and South Africa. They are also
consistent with observations made by Darwin regarding the origin of aeolianites on the island of St. Helena, in
the South Atlantic Ocean, more than a century and a half ago.
1. Introduction
“Aeolianite” is a term that originated with Sayles (1931), based on
his studies on Bermuda, where such deposits make up the bulk of the
island's subaerially exposed parts. Sayles (1931) defined aeolianite as
any wind-deposited sediment that is cemented into rock. Thus, in
principle, pre-Quaternary, continental-interior, silica-cemented, quart-
zose sandstones with an aeolian origin could be considered “aeolianite.”
In practice, however, the term has been restricted to precisely the kind
of sediments that Sayles (1931) studied on Bermuda, namely carbonate-
cemented aeolian sand of Quaternary age along coastlines. Such de-
posits are not extensive over large areas except in Australia (see
Playford et al. 2013; Brooke et al. 2014, and Bourman et al. 2016), nor
are they on a par volumetrically with silicate-rich dune fields or sand
seas (Fig. 1). However, they have a widespread occurrence globally and
are found at multiple localities, primarily in subtropical to temperate
latitudes (between about 15° and 40°, both north and south of the
equator; Brooke 2001), and they occur in some tropical latitudes as
well.
Darwin observed and described aeolianites in southwestern
Australia, South Africa, St. Helena, and Ascension Island on his voyage
on HMS Beagle in the 1830s (see discussion in Fairbridge 1995). Since
then, many researchers have studied aeolianites worldwide, resulting in
a large number of publications summarized in reviews by Fairbridge
and Johnson (1978), Gardner (1983), McKee and Ward (1983),
Fairbridge (1995), Brooke (2001), Loope and Abegg (2001), Bird
(2005), McLaren (2007), Playford et al. (2013), Brooke et al. (2014),
and Bourman et al. (2016). Authors in the present study have examined
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aeolianites on Bermuda, the Bahamas, Puerto Rico, the Canary Islands,
Mallorca, Sardinia, Israel, the United Arab Emirates, South Africa,
Hawaii, around the Gulf of California, Mexico, and on the California
Channel Islands, the focus of the current study.
Aeolianites are common on islands, where bank or shelf sediments
are characterized by high biological productivity and detrital carbonate
grains are not diluted by continental siliceous sediment (Fig. 1). This
explains the extensive aeolianites on Bermuda, the Bahamas, Caribbean
islands, the Canary Islands, and Mediterranean islands, among others.
An important exception to this is Australia, where aeolianites are ex-
tensive, but also where streams provide very little silicate sand to
beaches and continental shelves, which are rich in biogenic carbonate
particles (Collins 1988; James and Bone 2011; Brooke et al. 2014;
Murray-Wallace 2014; Short 2014; Bourman et al. 2016).
Common to all aeolianites is a relatively high carbonate content
compared to typical silicate-mineral-dominated aeolian sands. In
Australia, aeolianites of the Bridgewater Formation have carbonate
contents (by volume) of 66–99% (Blakemore et al. 2015). Aeolianites
on Mallorca have carbonate contents as high as 90–95% (Muhs et al.
2010) and those on Bermuda range from 94 to 99% (Muhs et al. 2012a).
On the Bahamas, aeolianites we have studied are 100% calcium car-
bonate. Clastic skeletal aragonite and calcite particles comprise much of
the carbonate component of aeolianites worldwide, but in addition,
secondary, low-Mg calcite is the main cementing agent. Skeletal car-
bonate grains can be derived from mollusks, echinoderms, corals, algae,
or foraminifera, but in some places (notably the Bahamas), they are
composed of inorganically precipitated aragonite ooids or peloids. In
other environments, such as on Mallorca, they are composed of both
skeletal carbonate grains and detrital sands derived from pre-Qua-
ternary limestones. In still other environments, although well ce-
mented, aeolianites are low in carbonate content. For example, some
aeolianites on the Mediterranean coast of Israel have as little as 15–30%
carbonate content (Porat et al. 2004), although others in that region
have 42–54% carbonate (Yaalon 1967).
Geomorphically, aeolianites are often expressed as transverse or
parabolic dunes (e.g., Murray-Wallace et al. 2010; Nichol and Brooke
2011; Playford et al. 2013; Bourman et al. 2016; Brooke et al. 2017), as
is the case with many other coastal dunes. Because of early carbonate
cementation, primary sedimentary structures, such as crossbeds, often
show spectacular preservation, and thus allow for easy reconstruction
of paleowinds, based on foreset bed dip azimuths. Secondary structures
are also common in aeolianites, and consist of carbonate root casts
(rhizoliths), carbonate fracture-fills, and paleosols. As with other aeo-
lian sands, paleosols mark periods of land-surface stability and vege-
tation cover, during times when aeolian deposition had ceased or was at
least minimal. Similar to calcareous loess deposits, land snails are
commonly found in aeolianites, and are often well preserved in the
carbonate-dominated host sediment.
The relation between aeolianite formation and sea level has been
controversial (see reviews in Fairbridge and Johnson 1978; Gardner
1983; Fairbridge 1995; Brooke 2001; McLaren 2007; Brooke et al.
2014), and concepts have evolved considerably over time. The idea that
at least some aeolianites could have formed during periods of lower sea
level (i.e., glacial periods) can be found in studies dating as far back as
the 19th century. Darwin (1844) studied these deposits on the island of
St. Helena in the southern Atlantic Ocean, on the return voyage of
Fig. 1. Map showing the global distribution of aeolian sand, whether active or stabilized (gold pattern) and coastal carbonate aeolianite (filled red circles). Also shown are major cool and
warm currents along continental margins. Currents around Australia taken from Murray-Wallace et al. (2000; their Fig. 3). Abbreviations of selected aeolianite localities referred to in
text: HI, Hawaii; GOC, Gulf of California, Mexico (Johnson and Backus 2009); BA, Bahamas; PR, Puerto Rico; BE, Bermuda; SH, St. Helena; SA, South Africa; CI, Canary Islands; M,
Mallorca; S, Sardinia; I, Israel; UAE, United Arab Emirates; C, Cyprus (Milàn et al. 2015); T, Turkey (Kiyak and Erginal 2010; Erginal et al. 2013). Distribution of aeolianite from
Fairbridge and Johnson (1978), Brooke (2001) and sources therein, as well as personal observations of the authors. Distribution of interior dune fields from the following sources:
northern Africa, Wilson (1973); southern Africa, Lancaster (1989) and Thomas and Shaw (1991); Sinai-Negev, Muhs et al. (2013); Arabian Peninsula and India, Wilson (1973); Central
Asia, Maman et al. (2011); the Americas and China, Sun and Muhs (2007) and sources therein; Australia, Bowler et al. (2001). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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H.M.S. Beagle in the 1830s. He noted that deposits at elevations of
~180 m to ~210 m were composed of carbonate skeletal sands ce-
mented into what would now be called aeolianite, and inferred that
they must be of windblown origin. In addition, he noted (p. 87) that:
It is remarkable that at the present day, there are no shelly beaches
on any part of the coast, whence calcareous dust could be drifted
and winnowed; we must, therefore, look back to a former period,
when, before the land was worn into the present great precipices, a
shelving coast, like that of Ascension, was favourable to the accu-
mulation of shelly detritus.
At the time Darwin made these observations and even when he
wrote about them years later, modern concepts of Pleistocene glaciation
had yet to be conceptualized and the idea of an “ice age” was still
controversial. Indeed, the first linkage between full-glacial conditions
and a lower sea level that results from large ice sheet growth had only
just been published (Maclaren 1842; originally published in Scotland in
1841). Nevertheless, Darwin correctly inferred that a source of sand, no
longer available, must have existed at some time in the past.
On Bermuda, where the term “aeolianite” was first applied, Sayles
(1931) also considered the deposits to have formed primarily during
glacial periods, when sea level was lower and an exposed insular shelf
provided bioclastic sands to generate dunes. Bretz (1960) and Land
et al. (1967) rejected this view and proposed that Bermudan aeolianites
are strictly interglacial features, a concept for that island that has
persisted into even relatively recent studies (e.g., see Hearty and Olson
2011). However, on Bermuda, although Vacher (1973) accepted the
general model of Bretz (1960) and Land et al. (1967) of aeolianite
formation during interglacial periods, he pointed out (p. 374) that sea
level had to be at least slightly below its present level at the time of
dune formation. Indeed, Vacher and Rowe (1997) pointed out that
Holocene dunes from the present interglacial are sparse and suggested
that major aeolian deposition will come later, when sea level begins to
fall, at the inception of a future glacial period. Rowe and Bristow
(2015a, 2015b), using detailed sedimentological data, demonstrated
that past aeolianite deposition on Bermuda likely occurred as sea level
was falling after interglacial periods. Fletcher et al. (2005) reported a
similar sequence of events on Molokai, Hawaii.
On some coastlines, aeolianite formation is clearly tied to inter-
glacial periods. In the Bahamas, Garrett and Gould (1984) showed that
emergent, Pleistocene beach or marine deposits grade laterally into
aeolianites, implying a link to interglacial periods. Carew and Mylroie
(1997) proposed a more complex timing, with Bahaman aeolianites
forming first during an interglacial transgression and then again as sea
level starts to fall. U-series datings of ooids from both beach and aeo-
lianite facies in the Bahamas confirms ages that are similar (Muhs et al.
2007), which supports these general models. In South Australia, aeo-
lianites are considered to be an aeolian facies of the same barrier
complexes where interglacial marine deposits are found (Murray-
Wallace et al. 1999; Blakemore et al. 2015; Bourman et al. 2016). Older
barrier complexes in South Australia also have been correlated with
older interglacial high-sea stands (Price et al. 2001; Murray-Wallace
et al. 2010; Blakemore et al. 2015; James and Bone 2015).
Studies done in the past couple of decades show that aeolianites on
some coastlines have considerable complexity with regard to their
timing and sea-level history. In Western Australia, investigations by
Playford et al. (1976, 2013), Playford (1988, 1997), Price et al. (2001),
Brooke et al. (2014), and Ward et al. (2016) show that aeolianites were
deposited during interglacial, interstadial, and glacial periods. Aeolia-
nite formation during interstadial or glacial periods off the coast of
Western Australia, when sea level was below present, is supported by
mapping, submarine exploration, and sonar work that demonstrate the
presence of these deposits offshore (Brooke et al. 2010, 2017; Nichol
and Brooke 2011). In South Africa, optically stimulated luminescence
(OSL) dating also indicates that aeolianite deposition has a complex
timing, occurring during interglacial, interstadial, and glacial periods
(Bateman et al. 2004, 2011; Porat and Botha 2008; Roberts et al. 2008;
Carr et al. 2010). Furthermore, as is the case in Western Australia,
submerged aeolianites, at depths as great as ~130 m, have been
documented off the coast of South Africa (Cawthra et al., 2014).
Dune fields are common along much of the Pacific Coast of North
America, including Washington, Oregon, California, and Baja California
(Cooper 1958, 1967; Kasper-Zubillaga and Zolezzi-Ruiz 2007; Backus
and Johnson 2009). Despite the extensive distribution of aeolian sand
on this coast, the only carbonate-rich aeolian sands of which we are
aware are those found on the California Channel Islands, and in limited
areas in Baja California (Russell and Johnson 2000; Kasper-Zubillaga
and Zolezzi-Ruiz 2007; Johnson and Backus 2009) (Fig. 1). Elsewhere,
such as most of coastal Oregon and central California, aeolian sands are
dominated by quartz and feldspar or locally by heavy minerals
(Twenhofel 1946; Orme and Tchakerian 1986; Muhs et al. 2009). On
the Channel Islands, however, carbonate contents of beach and aeolian
sands are high and some of these sands are cemented into aeolianite
(Johnson 1967, 1972, 1977; Muhs 1983, 1992; Muhs et al. 2009).
Johnson (1967, 1972, 1977), Muhs (1983, 1992), and Muhs et al.
(2009) hypothesized that aeolianites on the Channel Islands may have
formed during glacial periods, when sea level was low. In this scenario,
carbonate sands first accumulate on insular shelves during interglacial
periods, when sea level is relatively high. During a succeeding glacial
period when sea level is lowered, shelf sediments are exposed to on-
shore winds, and carbonate-rich dunes accumulate. This hypothesis
contrasts with the concept, still held by some workers, that aeolianites
are dominantly tied to interglacial high stands of sea (James and Jones
2016). Indeed, despite the work of the past few decades cited above,
both Hearty and O'Leary (2008; p. 26) and James and Bone (2016; p.
33) stated that aeolianite formation during interglacial periods was a
“prevalent” global view.
With regard to the model of a glacial-age timing of aeolianite for-
mation on the California Channel Islands described above, there are
uncertainties. The geochronology of aeolianites on San Miguel Island
reported by Johnson (1977) was limited in scope and that reported by
Muhs (1992) on the southern Channel Islands was of an experimental
nature. Stratigraphic and geochronologic studies of aeolianites on Santa
Rosa and Santa Cruz Islands have not been conducted at all. To provide
a more definitive test of the hypothesis of glacial-age aeolianite on the
Channel Islands, we describe the results of stratigraphic, mineralogic,
and geochronologic studies of aeolianites combined with new mapping
efforts on San Miguel Island, Santa Rosa Island, and Santa Cruz Island,
California.
2. Aeolianites on the California Channel Islands
The California Channel Islands lie off the coast of southern
California and mark the northernmost occurrence of coastal carbonate
aeolianite in North America and indeed in the Western Hemisphere
(Figs. 1, 2). Aeolianites are found on San Miguel, Santa Rosa, Santa
Cruz, San Nicolas and San Clemente Islands. The deposits are most
extensive on the outermost two islands, San Miguel Island and San
Nicolas Island. Thicknesses range from a couple meters to as much as
~20 m. As is the case with most aeolianites worldwide, the carbonate
particles in Channel Islands aeolianites are composed of skeletal frag-
ments of marine organisms. Total carbonate contents (aragonite and
calcite) range from as little as ~25% (some parts of San Nicolas Island;
Muhs et al. 2009) to as much as ~80% (San Miguel Island; see below).
Carbonate-rich beach sands, dunes, and aeolianites on the California
Channel Islands result from these islands being situated within what is
called a “cool-water carbonate factory” (James and Jones 2016). It is
well known that carbonate production by marine organisms along
coastlines is very high in tropical latitudes, and such systems constitute
what are called “warm water carbonate factories” (James and Jones
2016). Hermatypic (reef-building) corals and calcareous green algae
dominate carbonate production in warm waters of tropical ocean
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margins. As a result, there are many carbonate-rich dunes and aeolia-
nites found along tropical and subtropical coastlines where reefs supply
skeletal carbonate sand to beaches and shelves (Fig. 1). Nevertheless,
several decades ago, Chave (1967) challenged the older, widely held
concept that marine carbonate production is important only in tropical
latitudes and showed that significant amounts of carbonate sediment
are also generated in cool, higher-latitude regions of the oceans. Thus,
the concept of “cool-water carbonates” has arisen within the marine
sedimentology community (James 1997; James and Jones 2016). In
contrast to the coral- and algae-dominated organisms of warm-water
environments, carbonate-producing organisms in cool-water environ-
ments include mollusks, foraminifers, echinoderms, bryozoans, barna-
cles, ostracods, sponges, worms, coralline (red) algae, and ahermatypic
corals. All of these organisms occur off the California coast in the rich
rocky intertidal, protected-bay, and kelp forest environments of the
eastern Pacific Ocean (Ricketts et al. 1985).
Around the California Channel Islands, marine invertebrates of
carbonate composition are dominated by those taxa that thrive in high-
energy, rocky-intertidal environments. Marine organisms around the
Channel Islands in the modern intertidal community are similar to
those found in intertidal communities elsewhere along the Pacific Coast
of North America (Littler 1980). Not only do such communities thrive
in rocky intertidal environments today but they did so in the past as
well (for example, see faunal lists in Vedder and Norris 1963 and Muhs
et al. 2002a, 2006, 2012b, 2014). Submarine shelves with rich accu-
mulations of cool-water carbonate sediments, similar to the Channel
Islands, have been identified off many higher-latitude coasts (James
and Jones 2016).
Carbonate-rich dunes and aeolianites of Quaternary age have been
mapped on San Nicolas Island (Vedder and Norris 1963; Muhs et al.
2009), San Clemente Island (Muhs 1983), and three of the northern
islands, including Santa Cruz Island (Weaver et al. 1969), Santa Rosa
Island (Muhs et al. 2014), and San Miguel Island (Muhs et al. 2014,
their Fig. 5, but modified in the present study). On the northern
Channel Islands, the spatial extent of aeolian sand decreases from west
to east (Fig. 2c). The landscape of San Miguel Island is dominated by
aeolian sand, whereas it is sparse on Santa Rosa Island, and only very
small patches occur on Santa Cruz Island. Today, active aeolian sand on
these islands is limited to relatively small areas on San Miguel Island
landward of Simonton Cove (Fig. 3) and one area to the southeast of
Cuyler Harbor (Fig. 4). On San Miguel Island, aeolian sand was active
over much of the island in the first part of the 20th century, but this was
due largely to reactivation of previously stabilized sand from vegetation
removal by overgrazing (Johnson 1980; Zellman 2014). Our studies
were focused on San Miguel Island, but we also provide new mapping,
stratigraphy, mineralogy, and ages for Santa Rosa Island and some new
observations of aeolianites on Santa Cruz Island.
3. Methods
3.1. Field methods
Aeolian sand units were delineated on San Miguel Island and Santa
Rosa Island using National Park Service color aerial photographs ac-
quired in 2002 and 1:24,000 USGS topographic maps of the islands as
mapping bases in the field. Soil maps generated by Johnson (1972,
(b)(a)
(c)
Fig. 2. (a) Location of the Channel Islands off the Pacific Coast of North America; (b) Channel Islands off the coast of southern California with sand roses (using methods of Fryberger and
Dean 1979) showing resultant drift directions of sand-moving winds for Vandenberg Air Force Base (to the northwest of Santa Barbara), San Nicolas Island, and San Clemente Island; (c)
maps of San Miguel, Santa Rosa, and Santa Cruz Islands, showing generalized distribution of aeolianite and aeolian sand (taken from Figs. 3, 18, and 25, respectively).
D.R. Muhs et al. Palaeogeography, Palaeoclimatology, Palaeoecology 491 (2018) 38–76
41
1979) were used in part for some of the mapping, particularly on San
Miguel Island, and this approach was extended to new mapping on
Santa Rosa Island. The basis of this approach is that degree of soil de-
velopment is a function of deposit age (Birkeland 1999). We also used
stratigraphic relations of aeolian sands with underlying marine terrace
deposits to differentiate some units. As mentioned above, overgrazing
during the 19th century and early part of the 20th century denuded San
Miguel Island of much of its vegetation and brought about widespread
reactivation of previously stabilized aeolian sand (Johnson 1980). Thus,
by the late 1920s, much of the island was covered by historically re-
activated aeolian sand. While much of this active dune sand from the
early part of the 20th century has now been stabilized (Zellman 2014),
detailed delineations of different ages of Pleistocene and prehistoric
Holocene sand are simply not possible for much of the island because
the landscape has been masked by historically active sand.
3.2. Carbonate mineral content and mineralogy
Mineralogy of selected samples of aeolianites and beach sands was
determined by X-ray diffractometry (XRD) on pulverized, random-
mount samples using copper radiation. For semiquantitative compar-
isons of relative abundances of minerals in aeolian sand, we measured
peak heights of quartz (20.8° two-theta), aragonite (26.2° two-theta), K-
feldspar (27.4° two-theta), plagioclase (27.8° two-theta), and calcite
(29.4° two-theta). Ternary diagrams presented here were generated by
using peak heights of these minerals on XRD diagrams; thus, we stress
that such diagrams provide only relative abundances of these mineral
species. Total inorganic carbon concentrations of aeolianites and beach
sands were measured using a rapid and precise method that utilizes
automated coulometric titration (Engleman et al. 1985). Although the
method does not distinguish calcite and aragonite, it provides very
precise estimates of total carbonate content. For one of the sections
studied, Coati Point on Santa Rosa Island, carbonate content was
measured using a Chittick instrument (Dreimanis, 1962).
3.3. Radiocarbon dating
Charcoal (charred vascular plants), calcite rhizoliths, terrestrial
gastropod shells (Helminthoglypta ayresiana), and humic acids extracted
from organic matter were analyzed for radiocarbon (14C) to establish
the chronologic framework at a number of stratigraphic sections.
Charcoal samples were subjected to a standard acid-base-acid treatment
and then combusted in a sealed quartz tube in the presence of cupric
oxide and silver. The resulting CO2 was split into two aliquots. One
Fig. 3. Map of San Miguel Island showing distribution of aeolianite and uncemented aeolian sand, stratigraphic sections studied (filled red circles), locations of modern beach sands
sampled (open blue circles), marine terrace fossil localities, and locations where the Green Mountain soil (see text for discussion) has been observed (filled green circles). Mapping done in
part by the authors, in part from mapping in Muhs et al. (2014), and in part derived from soil maps in Johnson (1972, 1979); all mapping done using a 1:24,000 USGS topographic map
base. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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aliquot was converted to graphite using an iron catalyst and a standard
hydrogen reduction process and submitted to the Center for Accelerator
Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratory
for 14C analysis. The second aliquot was submitted to the University of
California, Davis Stable Isotope Laboratory for δ13C analysis in order to
correct the measured 14C activity for isotopic fractionation. At some
localities, there was insufficient charcoal for radiocarbon dating but a
sufficient amount of soil organic matter for extraction of humic acids.
At these sites, and at a few sites where there was charcoal and soil
organic matter, both materials were analyzed for radiocarbon. Humic
acids were extracted for radiocarbon ages following methods outlined
by McGeehin et al. (2001).
Calcite rhizoliths collected for radiocarbon dating were cleaned
mechanically of all adhering detrital shell carbonate grains, after which
only the interior, entirely secondary, low-Mg calcite portion of the
rhizolith remained. As a check on the cleaning procedure, each cleaned
rhizolith was examined under magnification and then pulverized.
Pulverized splits were X-rayed to ensure that the cleaned portions of the
rhizoliths contained only calcite, with no detrital shell fragments re-
maining (which would be indicated by the presence of aragonite and/or
high-Mg calcite). As a further check on secondary calcite purity, a se-
parate aliquot derived from each rhizolith was submitted to the
University of California, Davis Stable Isotope Laboratory for δ13C ana-
lysis. This procedure was conducted both for corrections of the radio-
carbon ages (as described above), and also for assessment of carbonate
origin. Calcites that formed entirely as secondary, pedogenic accumu-
lations in rhizoliths from detrital marine skeletal carbonates should
have δ13C values that fall within the range of secondary, pedogenic
carbonates reported in soils (−9 to −5‰; see Quade et al. 1989),
which is the same range of these values in the atmosphere. In contrast,
modern or Holocene bivalve and gastropod shells, two of the major
components of the aeolianite sands from which the rhizoliths formed,
collected from exposed, open-ocean reaches of coastal southern Cali-
fornia, have δ13C values ranging from 0.0 to +2.8‰ (e.g., Muhs and
Cuyler Harbor
Prince Island
San 
Miguel 
Island
Cuyler 
Harbor
Parabolic
dune fed
by modern
beach sand
Active dunes fed
by modern
beach sand
Qes
Qto
Qes
Qto
Qes
Qto
Qes
Qto
Qey
QtoLast interglacial
marine terrace
Older
marine 
terrace
(a)
(b)
Fig. 4. (a) True-color aerial photograph (acquired 2002) of the
Cuyler Harbor area of San Miguel Island (see Fig. 3 for location)
showing active dunes being fed by sediment from the modern
beach. (b) Ground photograph of the dunes shown in (a).
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Kyser 1987; Kennett et al. 1997; Eerkens et al. 2005, 2010). If there
were insufficient cleaning of rhizoliths, and some detrital skeletal grains
were retained, the δ13C values would fall outside of the range of
pedogenic carbonates. Thus, an important criterion for acceptance of
rhizolith radiocarbon ages is that δ13C values of the rhizoliths fall
within the range of typical pedogenic carbonates and outside the range
of modern carbonate marine organisms.
Recent studies have shown that small terrestrial gastropods have
considerable potential as suitable materials for radiocarbon dating
(Pigati et al. 2010, 2013). In this study, we used the land snail Hel-
minthoglypta ayresiana, which is common on San Miguel Island today
and in the fossil record. Gastropod shells were placed in a beaker of
ASTM Type 1, 18.2 MΩ (ultrapure) water and subjected to an ultrasonic
bath until the shells were visibly clean. In most cases, shells were
treated with H2O2 and then selectively dissolved or etched briefly with
dilute HCl to remove secondary carbonate (dust) from primary shell
material. The etched shells were washed repeatedly in ultrapure water
and dried in an oven overnight at 70 °C. The shells were then broken
and examined under magnification to ensure that the interior whorls
were free of secondary carbonate and detritus. Clean shell carbonate
was converted to CO2 using ACS reagent grade 85% H3PO4 under va-
cuum at 50 °C until the reaction was visibly complete (~1 h). The re-
sulting CO2 was processed in the same manner as the charcoal samples.
Finally, the 14C ages for the gastropod shells, charcoal, rhizoliths,
and humic acids were calibrated using the IntCal13 dataset and the
CALIB 7.1.html calibration program (Stuiver and Reimer 1993; Reimer
et al. 2013). Ages are presented as the midpoint of the 2-sigma cali-
brated age range in calibrated 14C years BP (ka = thousands of years;
BP = Before Present; 0 yr BP = 1950 CE). Uncertainties are calculated
as the difference between the midpoint and the minimum and max-
imum limits of the calibrated age range. All values are rounded to the
nearest 10 years.
3.4. Luminescence dating
Luminescence dating, including optically stimulated luminescence
(OSL) and infrared stimulated luminescence (IRSL), is a commonly
applied method for geochronology of aeolian samples (see review in
Singhvi and Porat 2008). Samples were prepared and measured at the
Luminescence Laboratory of the Geological Survey of Israel, Jerusalem.
Sample preparation for quartz follows Faershtein et al. (2016), which
includes wet sieving to isolate grain fractions of 125–150 μm, followed
by immersion in 8% HCl to remove carbonates. After rinsing and
drying, heavy minerals and most feldspars were separated from the
quartz with a Frantz LB-1 magnetic separator using a high (1.4 A)
current on the magnet (Porat 2006). Subsequently, the quartz-rich non-
magnetic fraction was etched with concentrated (40%) HF for 40 min to
etch grain rinds affected by alpha particles and dissolve any remaining
feldspars, followed by a 16% HCl treatment to remove any precipitated
fluorides (Porat et al., 2015). Potassium feldspars (KF) were extracted
from the magnetic fraction by heavy liquid density separation using
sodium polytungstate with a density of 2.58 g/cm3 and were not etched
by HF.
3.4.1. Quartz
Approximately 150 grains were mounted on 10 mm aluminum discs
with 2 mm masks using silicon (oil) spray as an adhesive. Equivalent
dose (De) determinations used a modified single aliquot regenerative-
dose (SAR) protocol (Murray and Wintle 2003) that included a cleaning
step of heating to 280 °C for 100 s at the end of each measurement
cycle. The protocol started with measuring the natural signal, followed
by a zero dose point to test for thermal transfer, three beta dose points,
a second zero dose point, a repeated dose (for recycling ratio) and a
second repeated dose after infrared (IR) bleaching (IR depletion ratio).
Measurements were carried out on a DA-12 or DA-20 TL/OSL Risø
Readers equipped with blue LEDs and IR diodes. Irradiation was by a
calibrated 90Sr beta source and the luminescence signal was detected
through 7 mm U-340 filters. Dose recovery tests over a range of pre-
heats showed that the best recovery ratio (1.03) is obtained when using
a pre-heat time of 10 s at 240o C, a test dose of ~9 Gy and a test dose
preheat of 5 s at 220o C; these measurement conditions were used for all
quartz fractions.
Age calculations relied on a De averaged from 13 to 19 measure-
ments (aliquots) per sample. Average De values and errors for each
sample were calculated using the central age model (CAM; Gailbraith
and Roberts 2012). A measure of scatter is over-dispersion (O-D), a
parameter which represents the scatter in the De values beyond that
which is caused by the analytical errors of single values (Gailbraith and
Roberts 2012). Low O-D values indicate more uniform bleaching at the
time of deposition and higher reliability. The high scatter is generally
assumed to result from the presence of grains with varying degrees of
exposure to sunlight during transport, from post-depositional in-
troduction of grains from the surface into the section or, for quartz
grains, from exposure to varying β doses from nearby alkali feldspars or
zircon grains (Mayya et al. 2006). The youngest grains are the best
bleached and in an aeolian environment best represent the time of
deposition.
Four samples with high O-D were selected for single grain (SG)
measurements. Hole size in the standard single grain disc is 300 μm
whereas quartz grain size was 125–150 μm; thus, it is possible that
more than one grain was present in some holes. Between 400 and 500
single grains were measured for each sample using green laser stimu-
lation and the same protocol as for the multi-grain measurements, and
were screened for further data processing using the criteria suggested
by Porat et al. (2009): (a) signal intensity at least 3 times that of the
background; (b) error on the De smaller than 40%; (c) error on the test
dose smaller than 30%; and (d) recycling ratio within 20% of unity. In
addition, zero-age grains, i.e., those with no natural signal but which
responded to laboratory irradiation, and grains whose natural signal
could not be recovered were rejected.
The De values and errors were calculated using the finite mixture
model (FMM; Gailbraith and Roberts 2012) which assumes that the
grain distribution consists of a number of normally distributed com-
ponents (Roberts et al. 2000). The youngest component larger than 10%
of all grains was selected to represent the best-bleached component
(Rodnight et al. 2006), but the most common component is also given
in Table 2.
3.4.2. Potassium feldspar
Potassium feldspars (KF) were measured either at the Geological
Survey of Israel in the same TL/OSL readers as the quartz, or at Risø
DTU, Denmark. Grains were mounted on aluminum discs or stainless
steel cups using a 2-mm mask and silicon spray as an adhesive, and the
De values were measured on 6–9 aliquots per sample using the protocol
of Buylaert et al. (2008). Stimulation was carried out with IR diodes,
detection was through a combination of BG-39 and 7–59 filter pack,
and both the IR50 and the pIR-IR290 signals were used for De calcula-
tions using the CAM.
Anomalous fading was measured and g-values calculated following
Buylaert et al. (2009). G-values per decade of 0.7 ± 1.1 and
2.8 ± 1.1 were obtained for the pIR-IR290 and the IR50 signals, re-
spectively, showing that the pIR-IR290 does not fade whereas the IR50
fades in a minor way. The IR50 ages were corrected for fading, and the
differences between the ages obtained by the two signals are discussed
below.
3.4.3. Dose rates
Dose rates were calculated from the concentrations of the radio-
active elements (K, Th and U) in the sediments, measured by in-
ductively coupled plasma mass spectrometry (U and Th) or optical
emission spectroscopy (K), with relative uncertainties of 5%, 10% and
3%, respectively. The concentrations were converted into alpha, beta
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and gamma dose rates using the factors presented by Nambi and Aitken
(1986). K-content of the KF was estimated at 12 ± 0.5%, a value si-
milar to that suggested by Huntley and Baril (1997), and an alpha ef-
ficiency (a-value) of 0.09 ± 0.02 was used in the dose rate calculations
(Balescu et al. 2007). Table 2 lists the samples, field and laboratory
data, luminescence ages, and errors (one sigma).
3.5. Amino acid geochronology
Most aeolianite deposits on the northern Channel Islands are un-
derlain by fossiliferous marine terrace deposits. Dating of such deposits,
therefore, provides a maximum-limiting age for the overlying aeolian
sediments. Radiocarbon and uranium-series methods provide numerical
ages of marine terrace fossils, but most marine terrace deposits in
southern California are beyond the range of radiocarbon dating and
uranium-series dating requires corals. Thus, for marine deposits beyond
radiocarbon dating range that also lack corals, amino acid geochro-
nology provides an appropriate method for correlation to dated de-
posits elsewhere. Wehmiller (1982, 1992, 2013a, 2013b), Wehmiller
and Miller (2000), and Miller and Clarke (2007) review the method in
detail.
For amino acid geochronology, the present study utilizes the
common gastropod Callianax biplicata (formerly Olivella biplicata) and
the intertidal bivalve Epilucina californica, the only two species found on
undated marine terrace deposits of northern San Miguel Island. Because
Callianax has not been utilized previously for amino acid geochro-
nology, we conducted feasibility tests on nearby San Nicolas Island,
where there is an extensive flight of emergent marine terraces and
Callianax is abundant. Relative abundances (using peak areas or peak
heights on chromatograms) of D and L enantiomers of the amino acids
valine and glutamic acid were measured in fossil specimens of these
genera, using reverse-phase liquid chromatography (Kaufman and
Manley 1998) at the Amino Acid Geochronology Laboratory at the
University of Colorado, Boulder. Interlaboratory comparisons of this
facility with others can be found in Wehmiller (2013c). D/L values for
valine and glutamic acid were measured using both peak areas and
peak heights. Comparison of D/L values computed by both peak heights
and peak areas shows no significant differences (Supplementary Data
Table 1). Somewhat better run-to-run agreement was achieved with
peak-area ratios, however; thus, these values were used in figures and
interpretations.
Amino acid racemization is a temperature-dependent process, with
racemization occurring at lower rates in cooler climates. In comparing
amino acid ratios of fossil mollusks from the Channel Islands, D/L va-
lues were measured in newly collected fossil Callianax biplicata speci-
mens from other, dated marine terrace localities. These collections were
made from localities along a roughly north-south temperature gradient
from central California to southern California, identical to those used
for other species by Muhs et al. (2014). These localities host deposits
containing corals that have been dated independently by U-series
methods to ~80 ka (equivalent to marine isotope stage [MIS] 5.1, using
terminology of Martinson et al. 1987) and either ~120 ka (MIS 5.5) or
a mix of ~100 ka (MIS 5.3) and ~120 ka (MIS 5.5) ages, based on
studies by Muhs et al. (1994, 2002a, 2006, 2012b, 2014, 2015). Under
favorable conditions, D/L values in shells from deposits of the same age
form an isochron line or band with northward-decreasing values. Shells
of younger deposits should yield a parallel or subparallel isochron band
of D/L values below that defined by an older suite of shells. Thus, D/L
values in shells of a deposit of unknown age can be plotted on these
latitudinal arrays for purposes of correlation.
4. Aeolianite on San Miguel Island
4.1. Distribution of aeolian sand and aeolianite on San Miguel Island
Three aeolian sand units were defined and mapped on San Miguel
Island, identified by stratigraphic relations and relative age, the latter
by using degree of soil development. The oldest aeolian sands (Qeo)
cover much of the interior of San Miguel Island (Fig. 3). These deposits
are found at some of the highest elevations on the island and even occur
near the summit of San Miguel Hill (253 m above sea level). Beneath
historically active sand (Qeh) and where they occur at the surface, these
aeolian sands are characterized by a well-developed soil that Johnson
(1972, 1979) called the “Green Mountain soil.” This soil has a well-
expressed A/E/Bt/Bk/C profile, where not eroded, and pedon thick-
nesses can range up to 3 m or more. Commonly, the lower A horizon
and parts of the E and upper Bt horizons host Fe-rich, pea-sized,
spherical pisoliths (also called pisolites; see Fig. 9c and d in Muhs 2014
for examples from San Miguel Island). The Bt horizons of the soils have
well-developed clay films on prismatic or columnar peds and Bk hor-
izons can be stage IV laminar K horizons (using the terminology of Gile
et al. 1966). Importantly, this unit does not overlie the low-elevation
marine terrace (Qty) that rims much of the island and has been dated to
~120,000 yr by Muhs et al. (2014), but it does overlie all higher ter-
races (Qto) that characterize older landscapes on San Miguel Island.
Thus, the oldest aeolian sand unit on the island is likely older than
~120,000 yr.
The second-oldest unit (Qes) consists of aeolian sand and aeolianite,
also overlain by historically active sand (Qeh). These deposits overlie
pre-last-interglacial marine terraces (Qto), but lack Green Mountain soil
profiles. Because of the historical aeolian sand cover, good exposures of
these sands are rare, but where they occur, they usually display well-
cemented aeolianite, with their upper parts characterized by carbonate
rhizoliths, laminar calcretes (Bk or K horizons), and sometimes strong
brown to yellowish-brown Bt horizons. Importantly, soils in this unit
lack the pisoliths that are characteristic of soils developed in unit Qeo.
Deposits of unit Qes are well exposed south of Harris Point, around
Cuyler Harbor, in Nidever Canyon, in the higher parts of sea cliffs of
Simonton Cove, and northwest of Tyler Bight (Fig. 3). Similar to unit
Qeo, unit Qes does not overlie the low-elevation marine terraces (Qty)
but does overlie all higher terraces (Qto). Thus, at least some parts of
this unit could date to more than ~120,000 years, but it is younger
than Qeo.
The youngest Pleistocene aeolianite unit (Qey) consists of aeolian
sands that overlie marine terraces that date to the last interglacial
period (~120,000 yr to ~80,000 yr; Qty). The unit is best exposed
along Simonton Cove, where most of the present study areas are lo-
cated, but it is also found along the northern coast of the island between
Simonton Cove and Point Bennett (Fig. 3). The aeolianites in this unit
consist of at least two and often three subunits, with a combined
thickness of up to ~20 m. Holocene aeolian sand, mostly uncemented,
overlies the Qey unit and is extensive on San Miguel Island (Erlandson
et al. 2005).
As noted above, the Qes unit is positioned on terraces older than
~120,000 yr whereas the Qey unit is found on the ~120,000 yr and
~80,000 yr terraces. However, the similar degree of development
(reddish brown Bt horizons underlain by laminar calcrete Bk horizons)
in the surface soils of the Qes unit and the Simonton soils of the lower
Qey unit would permit an interpretation that the two deposits are of
similar age. Thus, it is possible that Qes is simply an inland facies of the
lower part of Qey.
4.2. Aeolianite stratigraphy of study localities on San Miguel Island
The best exposures of the Qey aeolianites on San Miguel Island are
found along the sea cliffs fronting Simonton Cove (Fig. 3). Rarely does
any single cliff section expose all of the units we have identified, but as
is often the case in Quaternary stratigraphy, lateral correlations can be
made between exposures based on sediment characteristics and dis-
tinctive aspects of the paleosols separating units.
The westernmost locality we studied is at Yardang canyon, the main
Simonton Cove section studied by Johnson (1972, 1977, 1980). The sea
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cliff here exposes Tertiary bedrock, a marine terrace with a shoreline
angle at ~3.5 m above sea level and another marine terrace with a
wave-cut bench whose outer edge is ~10 m above sea level. The higher
of these two marine terraces is overlain by 2–3 m of light gray (10YR 7/
2, dry) aeolianite, and capped by a paleosol with a strong brown (7.5YR
5/6, dry) to yellowish-brown (10YR 5/6, dry) Bt horizon that we in-
terpret to be the equivalent of Johnson's (1972, 1977, 1980) Simonton
soil (Fig. 5). About 20 m landward, what also appears to be the Si-
monton soil is exposed in canyon walls and is overlain by ~7 m of
younger, light-gray (10YR 7/2, dry) to very pale brown (10YR 8/2, dry)
aeolianite. A short distance to the east, this aeolianite ranges up to
~16 m thick. This unit is equivalent to what Johnson (1972, 1977,
1980) called the Yardang aeolianite. High-angle crossbeds in this aeo-
lianite dip 29° to 35° landward, to the south or south-southeast, im-
plying paleowinds from the north or northwest (Fig. 5b). The sand
within the Yardang aeolianite is well enough cemented that the sedi-
ment body has been secondarily eroded into yardangs (Fig. 5a, b), from
which Johnson (1972) coined the informal name for the canyon and the
aeolianite unit itself. Rhizoliths and calcified tree trunks are found in
the upper part of the cross-bedded Yardang aeolianite. The Yardang
aeolianite is capped by what Johnson (1972, 1977, 1980) called the
Midden soil, so called because midden deposits can be found in its
uppermost horizons. The Midden soil is an over-thickened, cumulic A
horizon with dark, grayish-brown (10YR 4/2, dry) colors in its upper
part and slightly lighter grayish-brown (10YR 5/2, dry) colors in its
lower part. The Midden soil is in turn overlain by Holocene aeolian
sand (Fig. 5a).
A similar stratigraphy is exposed east of Yardang canyon at what we
call the “Tree Trunk” section (Fig. 6a, b; see Fig. 3 for location). Here, a
thin aeolianite, with the Simonton soil developed in its upper part, is
exposed in the sea cliff, overlying a marine terrace whose outer edge is
~11 m above sea level (Fig. 6a). Overlying the Simonton soil is the
Yardang aeolianite. This deposit crops out in small patches and displays
high-angle cross-bedding, dipping landward. Although the Yardang
aeolianite here is thinner than to the east, the Midden soil that is de-
veloped in it is thicker, up to ~3 m (Fig. 6b). At this locality, the
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Fig. 5. Photographs showing the stratigraphy of the “Yardang
canyon” section on San Miguel Island (see Fig. 3 for location).
Note carbonate trunk casts in (a) and geologists for scale in (b).
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Midden soil appears to have formed as an accretionary soil, or pedo-
complex, with thin aeolian sand deposits laid down successively,
punctuated by stabilization by vegetation and soil formation. Rhizoliths
are common in the lower part of the Midden soil and include a calcified
tree trunk (Fig. 6b).
The most complete exposure we have found is what we refer to as
the “Hobbit House” section because of the lower part's uncanny re-
semblance to such structures in the beloved stories about J.R.R.
Tolkien's Hobbit characters (Fig. 7a, b). Here, as at Yardang canyon,
two marine terraces are exposed, both cut on Tertiary bedrock. The
outer edge of the higher marine terrace is found at ~5.5 m above sea
level and the shoreline angle of the lower terrace is found at ~3.5 m
above sea level, identical to the low terrace at Yardang canyon. Both
terraces are capped by three Pleistocene aeolianite units, the lowest of
which is thickest on the 3.5-m-high marine terrace (Fig. 7b). Bedding is
not apparent in the two lower aeolianites. Both are capped by paleosols
with strong brown to yellowish-brown, clay-rich Bt horizons. The up-
permost of these also has a distinctive calcrete Bk horizon, and carbo-
nate rhizoliths are found below the Bt and/or Bk horizons in these
paleosols. We refer to the lower paleosol as “Simonton soil I” and the
upper one as “Simonton soil II.” Above these two paleosols, there is a
much thicker aeolianite package, better cemented than the lower units,
and with excellent preservation of primary bedding (Figs. 7a, 8a, b) that
we interpret to be the Yardang aeolianite. The Yardang aeolianite here
is as much as 17 m thick and consists almost entirely of high-angle
foreset beds. These beds have high-angle (26° to 35°), landward dips to
the east or east-southeast, indicating paleowinds from the west or west-
northwest. The uppermost part of the Yardang aeolianite has the
Midden soil developed in it, with a thick, dark brown, well-preserved A
horizon underlain by a Bk horizon, in turn underlain by carbonate
rhizoliths. Holocene aeolian sand, mostly with horizontal bedding,
overlies the Midden soil and is as much as ~30 m thick at the Hobbit
House section. We observed four midden deposits within the Holocene
aeolian package.
Finally, what we call the “Beachrock” section, just west of the
Hobbit House section (Fig. 3), lacks the distinctive Yardang aeolianite,
but has more details of the lower part of the stratigraphy. Here, an
aeolian sequence overlies a marine terrace with a shoreline angle ele-
vation that is ~3.5 m above sea level (Fig. 6c). Unlike what is seen at
the Hobbit House section, deposits of the terrace at this locality are well
cemented into beachrock, described in detail by Johnson (1969). The
two aeolianites found above the beachrock of the marine terrace do not
show distinctive bedding and have laterally variable thicknesses, ran-
ging from less than ~1 m to as much as ~6 m. At the Beachrock sec-
tion, these aeolianites are capped by distinctive soils with strong brown
to yellowish-brown, clay-rich Bt horizons underlain by laminar, calcrete
Bk horizons and rhizoliths. Based on the similar soil morphology, we
hypothesize that these paleosols may correspond to Simonton soil I and
Simonton soil II at the Hobbit House section.
4.3. Mineralogy of San Miguel Island aeolianites and beach sand
Aeolianites and non-cemented aeolian sand on San Miguel Island
have a relatively simple mineralogy. They are composed primarily of
quartz, K-feldspar, plagioclase, calcite and aragonite. We examined
sand grains from Pleistocene aeolianites on San Miguel Island micro-
scopically. In addition to the silicate minerals (quartz, K-feldspar, and
plagioclase) and rock fragments, marine organisms make up a sig-
nificant proportion of the grain population. These grains consist of
angular, sand-sized fragments of gastropods, bivalves, echinoid (sea
urchin) spines, foraminifera, possible barnacles, sponge spicules, and
possibly bryozoans. These observations agree with thin section studies
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conducted by Johnson (1972).
Mainland dunes, collected at Guadalupe, Lompoc, and Port
Hueneme, California have a very different mineralogy than aeolian
sands on San Miguel Island. All three of these dune fields have quartz,
plagioclase, and K-feldspar, but dunes at Port Hueneme and Lompoc
contain no detectable aragonite and only very small amounts of calcite.
Dunes at Guadalupe contain no calcite or aragonite that could be de-
tected by XRD. Results are similar to what Emery (1960) reported for
mainland California dunes at El Segundo, near Los Angeles, where
carbonate contents for 40 aeolian sands averaged only 1%. Thus, Ca-
lifornia mainland dunes have much lower calcite contents relative to
quartz and plagioclase than both Pleistocene aeolianites and modern
dunes on both San Miguel Island and San Nicolas Island (Fig. 9). The
Yardang aeolianite at the Hobbit House section, at depths between 200
and 1700 cm, has total CaCO3 contents (aragonite and calcite com-
bined) ranging from ~60% to ~90% (Fig. 10). Modern beach sand on
San Miguel Island, collected at both Simonton Cove and Cuyler Harbor,
contains quartz, K-feldspar, plagioclase, calcite, and aragonite and total
CaCO3 content (aragonite + calcite) ranges from ~22% to ~32%. The
lower carbonate content of San Miguel Island beach sands compared to
both Pleistocene aeolianite and Holocene aeolian sands at the Hobbit
House section is also apparent in relative abundances of quartz,
plagioclase, and calcite on ternary diagrams (Fig. 11a, b).
We also compared the calcite content of Pleistocene aeolianite on
San Miguel Island with aeolianites and coastal dune sands from other
localities. On a quartz-plagioclase-calcite ternary diagram, San Miguel
Island aeolianites have some overlap with aeolianites from the northern
coast of Puerto Rico, although overall, the latter have higher carbonate
contents (Fig. 11c). The Sonoyta dunes in the upper Gulf of California,
near Puerto Peñasco, Mexico, have quite variable compositions com-
pared to San Miguel Island aeolianites (Fig. 11c). In the Sonoyta dunes,
calcite contents are highest on the coast and diminish inland, but all are
lower than in aeolianites from San Miguel Island. Along the coastal
plain of Israel north of Tel Aviv, there is abundant quartz-rich beach
and shelf sand derived primarily from the Nile Delta (Muhs et al. 2013).
Calcite content in Israeli aeolianites (relative to quartz and plagioclase)
is lower than in those on San Miguel Island (Fig. 11d). From the Canary
Islands, Pleistocene aeolianites and aeolian sands on Lanzarote Island
have the highest carbonate contents of all sediments we studied
(Fig. 11d). Sand-sized quartz is absent on this basaltic island, and the
aeolian sediments consist of calcite and aragonite, with much lower
amounts of plagioclase.
Aeolianites on San Miguel Island consist largely of fine to medium
sands, based on extensive particle size analyses conducted by Johnson
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(1972). He reports a median diameter of ~250 μm (2.0 phi) for aeo-
lianites from a variety of localities on the island. Beach sands from San
Miguel Island analyzed by Johnson (1972) are only slightly coarser,
with a median diameter of ~290 μm (about 1.77 phi); sands from lo-
calities on other Channel Islands beaches also have median diameters of
~290 μm and shelf sands have median diameters of ~260 μm (Emery
1960). Holocene and Pleistocene dune sands from Santa Maria, Cali-
fornia and San Quintín, Baja California reported by Orme and
Tchakerian (1986) have mean particle diameters ranging from
~210 μm (2.25 phi) to ~135 μm (2.88 phi), indicating that San Miguel
Island aeolianites are slightly coarser than mainland aeolian sands.
4.4. Geochronology of late Quaternary aeolian units on San Miguel Island
4.4.1. Amino acid geochronology of marine terrace deposits underlying
aeolianites
Part of the stratigraphic basis for aeolian sand units on San Miguel
Island and the other Channel Islands is their relation to emergent
marine terraces. Two low-elevation terraces occur discontinuously
along the coastlines of the northern Channel Islands (Muhs et al. 2014,
2015). On the southern coast of San Miguel Island, the lower (~3–4 m)
terrace is undated, but the higher (~24 m) of these two terraces has
abundant fossils. Uranium-series analyses by Muhs et al. (2014) of so-
litary corals from deposits of the ~24 m terrace near Cardwell Point
(SMI-236 on Fig. 3) yield ages of ~121,000 yr to ~114,000 yr,
equivalent to MIS 5.5. On the northern coast of Santa Rosa Island, the
higher of the two terraces (also at ~24 m) dates to ~120,000 yr, as on
San Miguel Island, and the lower terrace (~7 m) dates to ~80,000 yr,
or MIS 5.1 (Muhs et al. 2015).
As discussed above, two low-elevation terraces are also found on the
northern coast of San Miguel Island (Fig. 7) and are hypothesized to
date to the same high-sea stands of the last interglacial complex
(~120,000 and 80,000 yr) as those on northern Santa Rosa Island.
Fossils are sparse, poorly preserved, and strongly cemented to terrace
clasts in deposits of both terraces on the north side of San Miguel Island.
We found no corals in the deposits of either terrace, nor did we find any
specimens of Chlorostoma (formerly Tegula), which is a favorable genus
for amino acid geochronology (Muhs et al. 2014). In deposits of the 2nd
Holocene
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aeolianite (Qey)
Marine terrace,
~80,000 yr (Qty) 
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(b)
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cross beds dip 26° to 35°
to east or east-southeast 
Fig. 8. Photographs showing details of (a) stratigraphy of the
upper part of the Hobbit House section on San Miguel Island and
(b) high-angle foreset beds of the Yardang aeolianite shown in (a).
Photographs by D.R. Muhs.
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terrace at Yardang canyon (SMI-500; Fig. 3), we found a single valve of
Epilucina californica, a common intertidal bivalve that has also been
used for amino acid geochronology. Although this taxon does not have
the discriminating ability of Chlorostoma, it can usually distinguish
between ~120,000-yr-old and ~80,000-yr-old marine terrace deposits
(see Muhs et al. 2014). D/L values in the single Epilucina valve from
SMI-500 are 0.43 for glutamic acid and 0.33 for valine (Fig. 12). For
comparison, using Epilucina amino acid data in Muhs et al. (2014), the
120,000-yr-old (~24 m) terrace on the south side of San Miguel Island
has mean D/L values of 0.47 ± 0.07 (glutamic acid) and 0.39 ± 0.07
(valine). In contrast, the ~7 m terrace dated to 80,000 yr on the
northwest side of Santa Rosa Island (Muhs et al. 2015) has mean D/L
values of 0.36 ± 0.02 (glutamic acid) and 0.28 ± 0.02 (valine).
These comparisons support a correlation of the 2nd terrace on the north
side of San Miguel Island at SMI-500 with the 2nd terrace on the south
side of the island, dated to ~120,000 yr.
In addition, we were able to recover three well-preserved specimens
of Callianax biplicata (Sowerby, 1825) [formerly Olivella biplicata] at
two localities (SMI-50 and SMI-51; Fig. 3) on the lower terrace and at
one locality on the higher terrace (SMI-500; Fig. 3) on San Miguel Is-
land. This taxon is one of the most common gastropods in marine ter-
race deposits of California and Baja California (Valentine, 1980, pp.
1313–1315). Despite its ubiquity in the marine Quaternary fossil record
of California, Callianax has not been studied previously for its suit-
ability in amino acid geochronology. Here we tested the species for that
purpose, using two methods. The first was measurement of D/L values
for glutamic acid and valine in Callianax from a flight of marine terraces
that likely span much of the Pleistocene on San Nicolas Island, Cali-
fornia (Figs. 2b, 13). If amino acid ratios in Callianax are a reliable
relative age indicator, D/L values in glutamic acid and valine should be
higher in higher-elevation (older) terraces. The second method of
testing Callianax is from a suite of dated terrace deposits from central
and southern California along a southward-increasing temperature
gradient (Fig. 14). Locations of terrace deposits used in this study are
identical to those used for other species in Muhs et al. (2014). Because
amino acid racemization rates decrease with decreasing temperatures,
D/L values in Callianax from dated deposits of the same age should be
lower from localities with histories of lower average temperature.
Results indicate that on San Nicolas Island, Callianax shows a fair
degree of reliability as a relative age indicator. On the Vizcaino Point-
Thousand Springs terrace transect (Fig. 13a), D/L values in both glu-
tamic acid and valine increase systematically with terrace elevation, as
hypothesized. The same is true for selected segments of the Celery
Creek canyon transect (Fig. 13b), although glutamic acid values for
shells from the 4th terrace are lower than would be expected based on a
comparison with valine values for shells from this terrace.
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Alternatively, the glutamic acid values for shells from the 4th terrace
may be reasonable if the glutamic acid values for shells from terrace 2a
(0.54 ± 0.04) are too high.
In the latitudinal transect, Callianax biplicata exhibits a fair degree
of variability of D/L values among shells from the same deposit
(Fig. 14). Nevertheless, terraces that date either to the ~120,000 yr
high-sea stand (MIS 5.5) or that contain a mix of ~120,000 yr and
~100,000 yr (MIS 5.3) fossils show generally southward-increasing D/
L values for both glutamic acid and valine in an “aminozone” band.
Fossils from terraces dating to ~80,000 yr again show considerable
variability within a single deposit, but these values define an amino-
zone band that is subparallel to that of the ~120,000 yr fossils. We
conclude, therefore, that although Callianax may not be an ideal species
for amino acid geochronology, the taxon can be used for relative age
discrimination over much of the Pleistocene and can be used to dis-
tinguish ~120,000 yr terraces from ~80,000 yr terraces.
The 2nd terrace on the north side of San Miguel Island, at Yardang
canyon (SMI-500) yielded three Callianax biplicata shells that were
analyzed for D/L values for glutamic acid and valine. Unfortunately,
concentrations of valine in these shells were too low to give reliable D/L
values, and even glutamic acid D/L values show considerable varia-
bility. Nevertheless, the mean glutamic acid D/L value falls within the
general range of values for southern California terraces dating either to
~120,000 yr or containing a mix of corals dating to ~120,000 yr and
~100,000 yr (Fig. 14). The mean D/L value for glutamic acid in Cal-
lianax fossils from the 1st (~3.5-m-high) terrace on northern San Mi-
guel Island (SMI-50 and SMI-51) is lower than those in Callianax fossils
from the 2nd terrace nearby (SMI-500). Mean D/L values for both
glutamic acid and valine from the 3.5-m-high 1st terrace are sig-
nificantly lower than the dated, ~120,000 yr, 24-m-high terrace on the
south side of San Miguel Island (SMI-236), and values for both amino
acids fall within the ~80,000 yr aminozone bands. We infer from all
these analyses that the 2nd terrace on the northern coast of San Miguel
Island likely correlates with the ~120,000-yr high-sea stand (MIS 5.5)
and the 1st terrace likely correlates with the ~80,000-yr high-sea stand
(MIS 5.1).
4.4.2. Radiocarbon dating of San Miguel Island aeolianites
We determined the ages of aeolianites on San Miguel Island using
AMS radiocarbon dating of charcoal, land snails, and calcite rhizoliths.
At Yardang canyon, the aeolianite sequence rests on top of the higher of
two marine terraces, which we infer to be ~120,000 yr old (Fig. 15a).
No datable materials were found in the aeolianite on top of the marine
deposits or in the paleosol developed in it, where these units are
Fo
re
se
t b
ed
 d
ip
s
35° to ESE
34° to ESE
32° to E, 
ESE
28° to E, 
ENE
32° to E
26° to E
31° to E
Holocene 
aeolian sand,
bedding not 
apparent
Midden Soil A
Midden Soil Btk
Ya
rd
an
g 
ae
ol
ia
ni
te
Simonton Soil II Bt
Simonton Soil II Btk
Simonton Soil I Bt
Aeolian sand,
bedding not
apparent
D
ep
th
 fr
om
 to
p 
of
 M
id
de
n 
So
il (
cm
)
Total CaCO3 (%)
2000
1900
1800
1700
1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400
300
200
100
0
0 20 40 60 80 100 0 50 100 150 0 2 4 6 8
Y
Y Y
Y
Y
Snail
Charcoal
Rhizolith
Calcite/quartz Aragonite/quartz
Fig. 10. Stratigraphy of the Hobbit House section on San Miguel Island showing aeolianite units and paleosols, along with aeolianite bed dip azimuths and changes in CaCO3 composition
and mineralogy as a function of depth. Calcite/quartz and aragonite/quartz ratios are taken from X-ray diffractogram peak heights for calcite (29.4° 2θ), aragonite (26.2° 2θ), and quartz
(20.9° 2θ).
D.R. Muhs et al. Palaeogeography, Palaeoclimatology, Palaeoecology 491 (2018) 38–76
51
exposed on the sea cliff. However, ~20 m landward, in Yardang canyon
itself (Fig. 5), both charcoal and land snails were found in the Simonton
soil, and gave calibrated radiocarbon ages of 24,480 ± 260 yr
(WW8137) and 24,560 ± 310 yr (WW9499), respectively (Table 1;
Fig. 15a). From the lowermost part of the Midden soil, we collected four
well-preserved rhizoliths that yielded calibrated radiocarbon ages ran-
ging from 17,280 ± 200 yr (WW9432) to 17,940 ± 180 yr
(WW9433). The rhizoliths all yielded carbon isotopic values over a
narrow range of −6.9 to −7.7‰, well within the range of Holocene
pedogenic carbonate values (Quade et al. 1989). The rhizolith ages are
consistent with calibrated radiocarbon ages of two land snails collected
higher in the section, but within the Midden soil, at ~120 cm depth
(14,060 ± 110 yr; WW10073) and at ~60 cm depth
(12,190 ± 190 yr; WW10074). Within the lowermost part of the
overlying aeolian sand that we interpret to be of Holocene age, we
obtained a calibrated radiocarbon age of 9500 ± 30 yr (WW10075) on
a land snail shell.
At the Tree Trunk section, as is the case at Yardang canyon, the sea
cliff exposes what we interpret to be the ~120,000 yr terrace's outer
edge, capped by thin aeolianite with the well-developed Simonton soil
in its upper part (Fig. 15b). A land snail collected from the uppermost
part of the aeolianite below the Simonton soil yielded a radiocarbon age
of> 47,310 yr. Landward of the sea cliff, high-angle, cross-bedded
aeolianite is exposed in small patches. Foreset beds in these exposures
dip landward, to the southeast. A section ~15 m landward of the sea
cliff exposes the uppermost part of the Yardang aeolianite, a fossil tree
trunk, and an unusually (~4 m) thick Midden soil. Charcoal collected
from the fossil tree trunk did not survive our pretreatment processing,
but humic acids recovered from organic matter in the trunk yielded a
calibrated age of 22,850 ± 220 yr (WW10421). Charcoal and land
snails are abundant within the Midden soil here, which appears to have
formed in an accretionary manner, with multiple periods of thin aeolian
sand deposition separated by brief periods of pedogenesis. We collected
charcoal and snails throughout the Midden soil in an attempt to
document the time period over which these cycles occurred. Calibrated
radiocarbon ages range from 22,610 ± 180 yr (WW10376) near the
base of the soil to 15,760 ± 180 yr (WW10401) near the top of the soil
(Fig. 13b). The uppermost age is from a snail and the others are from
either charcoal or humic acids. At several depths, we obtained radio-
carbon ages from both charcoal and humic acids. Where both were
obtained, in all but one case (SMI-335) the paired ages are very close to
one another, when analytical uncertainties are considered (Table 1).
Overall, the results indicate a fairly long (~6800 yr) period of pedo-
genesis punctuated by periodic minor additions of aeolian sand.
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From the Hobbit House section, we obtained ages from snails,
charcoal, and rhizoliths from the bottom and top of the exposure
(Fig. 16). Snails from the Simonton I soil, collected at two depths, both
gave ages> 50,000 yr. Above this, in the Simonton II soil, charcoal at
successively shallower depths gave successively younger calibrated
ages of 36,200 ± 1210 yr (WW9472), 26,740 ± 420 yr (WW9471),
and 26,100 ± 180 yr (WW8135). The two uppermost ages are in fair
agreement (within a couple thousand years) of the ages from the Si-
monton soil at Yardang canyon, which suggests that the single paleosol
exposed at Yardang canyon that both we and Johnson (1977) called the
Simonton soil is equivalent to Simonton soil II at the Hobbit House
section. Rhizoliths collected in the upper part of the Yardang aeolianite
but below the Midden soil at the Hobbit House section gave a narrow
range of calibrated radiocarbon ages, from 14,910 ± 210 yr
(WW8134) to 13,490 ± 70 yr (WW8132) (Fig. 15 and Table 1). These
rhizoliths have δ13C values of −6.8 to −7.2‰, similar to those at
Yardang canyon and well within the range of Holocene pedogenic
carbonate values (Quade et al. 1989). Finally a snail collected ~3.6 m
above the Midden soil, within the thick Holocene aeolian sand package
gave a calibrated age of 8060 ± 100 yr (WW9496).
From all these calibrated radiocarbon ages, we can constrain the
ages of the four aeolian units exposed at the Hobbit House section. The
oldest aeolianite is younger than ~120,000 yr (based on the inferred
age of the underlying marine terrace), but> 50,000 yr, based on the
snail ages. The thin aeolianite above this is likely younger than
~50,000 yr, but older than ~36,000 yr. The thick (~17 m) Yardang
aeolianite was deposited between ~26,000 yr and ~15,000 yr. The
Midden soil formed between ~13,500 yr and ~8000 yr, a much
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Fig. 12. (a) Plot of mean D/L ratios in glutamic acid (vertical axis)
in fossil Epilucina californica from dated (filled circles) and un-
dated (open circles) marine terraces on the California and Baja
California coast, shown as a function of present mean annual air
temperature. Error bars are± 1 standard deviation, based on D/L
ratios in 4 to 6 individual shells from the same deposit. Shaded
bands indicate correlation between fossil localities of the same age
based on U-series dating of corals. Terrace name abbreviations:
SMI, San Miguel Island, SRI, Santa Rosa Island; PDM, Paseo del
Mar terrace; G, Gaffey terrace; L, Lighthouse terrace; SC, Sea Cave
terrace; see Muhs et al. (1994, 2002a, 2006, 2012b, 2014) for
terrace stratigraphic names and U-series ages. (b) Same as in (a),
but for mean D/L ratios in valine. All data shown are peak area
ratios derived from supplementary data given in Muhs et al.
(2014) except for SMI-500, which is from the present study.
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younger estimate compared to what we observed at the Tree Trunk
section. Holocene aeolian sand deposition began well after ~13,500 yr,
was in progress by ~8000 yr, and continued until some considerable
time later, based on the thickness (~30 m) of the entire Holocene
section.
Although the Beachrock section is limited in its vertical extent, it
provides some additional geochronology for the oldest two aeolianites
that are thin or missing at the other sections (Fig. 17). Here, close to
6 m of the oldest aeolianite occurs on top of the 1st marine terrace,
which amino acids (described above) indicate is likely equivalent to the
~80,000 yr terrace found on nearby Santa Rosa Island. Snails within
the upper part of this aeolianite gave ages of ≥46,690 yr and>
50,000 yr, but charcoal slightly above these snails gave an apparently
finite age of 47,980 ± 1980 yr (WW10088). We consider it very likely
that this is an infinite age, however, because charcoal above this sample
gave an age of> 50,000. From the uppermost part of Simonton soil I,
charcoal gave an age of 36,300 ± 630 yr (WW10090), but this is not
consistent with either snail or charcoal ages above it of
43,450 ± 950 yr (WW10072) and 40,960 ± 810 yr (WW10089)
(Fig. 17). Although the minimum-limiting ages and one stratigraphic
reversal make interpretations tentative, we certainly can infer that the
lower aeolianite was deposited after ~80,000 yr and before
~50,000 yr, and the upper aeolianite is at least ~40,000 yr old. Thus,
although the age ranges are broadly consistent with the age estimates of
these units at the Hobbit House section, more work is needed before
firm conclusions can be reached about the ages of the older aeolianites.
4.4.3. Optically stimulated luminescence (OSL) and infrared stimulated
luminescence (IRSL) geochronology of San Miguel Island aeolianites
To complement the radiocarbon ages, OSL (on quartz) and IRSL (on
K-feldspar) ages were determined on a suite of samples from the Hobbit
House section (Table 2). At this section we sampled the uppermost part
of the “older aeolianite” in which the Simonton soil I is developed, at
two depths within the Simonton soil II, at four depths through the
vertical extent of the Yardang aeolianite, and at two depths within the
Midden soil. A surface sample (listed as a “modern analog” in Table 2)
from active, unvegetated aeolian sand at “Sandblast Pass” on San Mi-
guel Island (N34°01.923′; W120°22.101′; elevation = 238 m) gave a De
(b) Celery Creek Canyon:
(a) Vizcaino Point-Thousand Springs area:
Fig. 13. Topographic profiles of marine terraces on San Nicolas Island, California (see Fig. 2b for location) in the northwestern part of the island between Vizcaino Point and Thousand
Springs (a) and along Celery Creek canyon (b); inset map shows where the transects are located and marine terrace inner edges (modified from Vedder and Norris 1963, and Muhs et al.
2012b). Black numbers in bold below the profiles are shoreline angle elevations in meters measured by the authors. Numbers in blue are uranium-series ages of corals (Muhs et al. 2006,
2012b). Numbers in green above the profiles are mean D/L peak-area values (± 1 standard deviation) for the amino acids glutamic acid (G) and valine (V) in Callianax biplicata (formerly
Olivella biplicata). Relative abundances (using peak areas on chromatograms) of D and L enantiomers of the amino acids valine and glutamic acid were measured using reverse-phase
liquid chromatography (Kaufman and Manley 1998). For amino acid data for individual shells, see Supplementary data Table 1. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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value of ~0.06 Gy and an age of ~15 years, indicating that in this
specific environment, the quartz grains are well bleached.
In the IRSL analyses of the K-feldspars (KF), the fading-corrected
IR50 ages are on average 13% younger than the pIR-IR290 ages. The
relatively high O-D in quartz measured in some aeolianite samples
(40–54%) implies either partial bleaching even under what should be
considered optimal bleaching conditions, or differential exposure to
beta dose. Because the pIR-IR290 bleaches at rates substantially lower
than either the IR50 or quartz OSL (Porat et al. 2001; Kars et al. 2014),
we infer that the pIR-IR290 ages could, for at least some samples,
overestimate the time of deposition due to poor bleaching. Indeed, for
many samples the fading-corrected IR50 ages agree best with quartz OSL
ages and the radiocarbon chronology.
The lowermost unit analyzed is from the middle of the Bt horizon of
Simonton soil I (SMI-2). A multigrain OSL age for this is
101,000 ± 8000 yr, but we consider this to be an overestimation due
to the presence of grains whose natural signal could not be recovered
and which contributed to the natural signal of the multigrain mea-
surements. Single grain (SG) measurements agree with the notion that
the marine terrace underlying the aeolianite in which the Simonton soil
I is developed dates to ~120,000 yr, with a SG FMM major component
age of 81,000 ± 4000 yr. The youngest single-grain age component of
that sample (48,000 ± 3000 yr) is concordant with the radiocarbon
ages from this stratigraphic position of> 50,000 yr (Fig. 16b). The IR50
(all IR50 ages mentioned are corrected for fading) and pIR-IR290 ages of
75,000 ± 11,000 yr and 63,000 ± 4000 yr, respectively, indicate
that some processes not fully understood have affected the grains in this
paleosol.
Above this, in the lower Bt horizon of Simonton soil II (SMI-3),
multigrain OSL of quartz yielded an age of 50,000 ± 3000 yr. SG
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Fig. 14. (a) Plot of mean D/L ratios in glutamic acid (vertical
axis) in fossil Callianax biplicata from dated (filled circles) and
undated (open circles) marine terraces on the California coast,
shown as a function of present mean annual air temperature.
Error bars are± 1 standard deviation, based on D/L ratios in 4
to 6 individual shells from the same deposit. Shaded bands in-
dicate correlation between fossil localities of the same age based
on U-series dating of corals. Terrace name abbreviations: SMI,
San Miguel Island, SRI, Santa Rosa Island; N, Nestor; BR, Bird
Rock; PDM, Paseo del Mar; G, Gaffey; see Muhs et al. (1994,
2002a, 2006, 2012b, 2014) for terrace stratigraphic names and
U-series ages. (b) Same as in (a), but for mean D/L ratios in
valine. All points plotted are peak area ratios; for detailed data
for individual shells, as well as peak height data, see Supple-
mentary data Table 1.
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analyses gave ages of 67,000 ± 3000 yr (major component) and
41,000 ± 2000 yr (youngest component). K-feldspar analyses gave
pIR-IR290 and IR50 ages of 54,000 ± 2000 yr and 48,000 ± 7000 yr,
respectively. These ages give a rather wide range of 48,000 yr to
67,000 yr, which probably reflects processes that took place within
Simonton soil II during transport, deposition and pedogenesis, such as
partial bleaching and possible grain infiltration. Above this, in the
upper part of the Simonton soil II Bt horizon (SMI-4), the OSL multi-
grain age is 44,000 ± 3000 yr while the pIRIR290 age is somewhat
younger (35,000 ± 2000 yr). Taken together with the IR50 age
(38,000 ± 6000 year), the K-feldspar ages agree with two radiocarbon
ages of ~36,000–26,000 cal yr from that soil. While OSL and IRSL ages
date the time aeolian-transported grains were deposited and reflect
transport, deposition and pedogenic processes, the charcoal samples
date from the time of pedogenesis, after stabilization of the aeolian
sand. Thus, the best interpretation for all ages from Simonton soil II
suggests sand deposition starting at ~67,000 yr (the oldest SG com-
ponent), continuing at a relatively slow rate up to ~40,000 yr,
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stabilization no later than ~35,000 yr, and pedogenesis, represented by
the Simonton soil II, continuing until at least ~26,000 yr.
We have generally more consistent OSL and IRSL age estimates from
the Yardang aeolianite above Simonton soil II. Approximately 16.5 m
below the top of the Midden soil (SMI-5), in the lowermost cross-
bedded Yardang aeolianite, the multigrain OSL age is scattered and
single-grain OSL analyses give a FMM (youngest) age of
27,000 ± 2000 yr, with additional grain components of very old ages,
indicating that some of the aeolian sand at this depth could be reworked
from the underlying aeolian units. From this point upwards within the
Yardang aeolianite, this reworking of older aeolian sand is not ap-
parent. The quartz OSL analyses, indicating the best bleached grains,
Table 1
Radiocarbon ages of charcoal, snails (Heliminthoglypta ayresiana), and carbonate rhizoliths from aeolian sands on San Miguel Island and Santa Rosa Island, Channel Islands National Park,
California
USGS#a CAMS# Field ID# Geologic unit Material δ13Cb (‰) 14Cc age ± Calibrated aged
midpoint
±
San Miguel Island
Simonton Cove, Yardang canyon (N34°03.253′; W120°23.090′)
WW10075 168,364 SMI-321 Holocene sand immediately above top of Midden soil Snail −6.5 8490 30 9500 30
WW10074 168,363 SMI-320 Midden soil, 60 cm below top Snail −5.4 10,335 30 12,190 190
WW10073 168,362 SMI-319 Midden soil, 120 cm below top Snail −8.9 12,165 30 14,060 110
WW9430 161,491 SMI-206 Lower part of Midden soil Rhizolith −6.9 14,735 50 17,920 180
WW9431 161,492 SMI-207 Lower part of Midden soil Rhizolith −7.7 14,530 50 17,720 190
WW9432 161,493 SMI-208 Lower part of Midden soil Rhizolith −7.4 14,190 50 17,280 200
WW9433 161,494 SMI-209 Lower part of Midden soil Rhizolith −7.5 14,750 50 17,940 180
WW9499 162,624 SMI-203 Simonton soil II (?), 10 cm below top of paleosol Snail −3.7 20,400 70 24,560 310
WW8137 149,537 SMI-202 Simonton soil II (?), 40 cm below top of paleosol Charcoal −24.1 20,370 50 24,480 260
Simonton Cove “Hobbit House” section: (N34°03.510′; W120°22.690′)
WW9496 162,621 SMI-22 Holocene sand, 3.6 m above Midden soil Snail −5.2 7225 35 8060 100
WW8132 149,532 SMI-53A Lower part of Midden soil, 2.0 m below top of soil Rhizolith −7.2 11,640 30 13,490 70
WW8133 149,533 SMI-53B Lower part of Midden soil, 2.0 m below top of soil Rhizolith −6.9 12,090 30 13,940 140
WW8134 149,534 SMI-53C Lower part of Midden soil, 2.0 m below top of soil Rhizolith −7.1 12,570 30 14,910 210
WW9434 161,495 SMI-53D Lower part of Midden soil, 2.0 m below top of soil Rhizolith −6.8 12,560 40 14,880 260
WW8135 149,535 SMI-30 Upper Bt horizon of Simonton soil II, ~0.2 m below top Charcoal −22.8 21,890 60 26,100 180
WW9471 161,918 SMI-306 Simonton soil II, 30 cm below top Charcoal −24.8 22,440 140 26,740 420
WW9472 161,919 SMI-307 Simonton soil II, 55–60 cm below top Charcoal −23.9 32,170 470 36,200 1210
WW9497 162,622 SMI-304 Simonton soil I,160–180 cm below top of Simonton soil II Snail −6.8 47,500 1900 ≥50,000
WW9498 162,623 SMI-305 Simonton soil I, 200 cm below top of Simonton soil II Snail −5.1 50,500 2700 ≥50,000
Simonton Cove, “Tree trunk” section (N34°03.308′; W120°23.002′)
WW10401 170,610 SMI-334 Midden soil, 100 cm below top Snail −7.3 13,115 30 15,760 180
WW10383 170,407 SMI-333 humic Midden soil, 145 cm below top Humic acids −25.8 13,435 30 16,160 150
WW10384 170,408 SMI-335 humic Midden soil, 170 cm below top Humic acids −25 14,880 35 18,090 160
WW10385 170,409 SM1–335 charcoal Midden soil, 170 cm below top Charcoal −23.8 15,935 35 19,220 180
WW10381 170,405 SMI-332 humic Midden soil, 205 cm below top Humic acids −24.0 16,135 35 19,460 160
WW10382 170,406 SMI-332 charcoal Midden soil, 205 cm below top Charcoal −24.1 16,490 40 19,880 190
WW10379 170,403 SMI-331 humic Midden soil, 260 cm below top Humic acids −25.8 17,300 40 20,860 180
WW10380 170,404 SMI-331 charcoal Midden soil, 260 cm below top Charcoal −26.0 17,620 40 21,290 230
WW8136 149,536 SMI-225 Midden soil, ~260 cm below top Charcoal −26.9 18,835 45 22,690 200
WW10377 170,401 SMI-330 humic Midden soil, 320 cm below top Humic acids −26.6 17,380 40 20,980 200
WW10378 170,402 SMI-330 charcoal Midden soil, 320 cm below top Charcoal −26.7 17,545 45 21,190 220
WW10376 170,400 SMI-329 humic Midden soil, 385 cm below top Humic acids −24.0 18,750 45 22,610 180
WW10421 170,630 SMI-224 humic From fossil tree trunk Humic acids −23.4 18,990 45 22,850 220
WW10402 170,611 SMI-336 Lower eolian sand, just below Simonton soil I (?) Snail −4.2 45,590 800 ≥47,310
Simonton Cove “Beachrock” section: (N34°03.494′; W120°22.833′)
WW10089 168,378 SMI-318 ~2 m below top of section, 20 cm above eolian sand Charcoal −21.6 36,400 410 40,960 810
WW10072 168,361 SMI-317 On surface of Simonton soil I Snail −4.0 39,630 590 43,450 950
WW10090 168,379 SMI-316 Simonton soil I, 3 cm below top of paleosol Charcoal −25.3 32,390 250 36,300 630
WW10087 168,376 SMI-314 Simonton soil I, 25–28 cm below top of paleosol Charcoal −22.0 47,400 1500 ≥50,000
WW10088 168,377 SMI-315 Lower eolian sand, 35 cm below top of Simonton soil I Charcoal −25.1 44,600 1100 47,980 1980
WW10071 168,360 SMI-313 Lower eolian sand, 75 cm below top of Simonton soil I Snail −3.7 47,600 1600 ≥50,000
WW10070 168,359 SMI-312 Lower eolian sand, 110 cm below top of Simonton soil I Snail −4.2 45,700 1200 ≥46,690
Santa Rosa Island
Sandy Point (N34°00.521′; W120°14.330′)
WW9470 161,917 SRI-45 Thin midden deposit in Holocene aeolian sand, 2.85 m Sea urchin −1.3 4860 30 5570 80
WW9438 161,499 SRI-82 Pleistocene aeolian sand, 5.53 m depth Rhizolith −7.1 25,720 190 29,950 560
WW9437 161,498 SRI-79 Pleistocene aeolian sand, 7.83 m depth Rhizolith −7.2 24,420 160 28,420 370
Carrington Point (N34°01.837′; W120°03.641′)
WW10708 172,816 SRI-140-H lower Uppermost paleosol in Holocene aeolian sand Snail −6.6 655 25 610 60
WW10706 172,814 SRI-140-D upper Lowermost paleosol in Holocene aeolian sand Snail −5.2 3305 25 3520 60
WW10707 172,815 SRI-140-D middle Lowermost paleosol in Holocene aeolian sand Snail −6.4 2865 30 2980 100
Coati Point (N34°01.859′; W120°02.714′)
WW10710 172,818 SRI-2-I/J Between thin paleosols in aeolian sand, 10.2 m depth Snail −6.2 42,790 700 46,150 1380
WW10709 172,817 SRI-2-C/D In aeolian sand above marine deposits, 12.5 m depth Snail −8.7 42,580 690 45,930 1330
a The USGS number is the identification assigned to a sample by the USGS 14C laboratory in Reston, VA; the CAMS number is the identification assigned by the Center for Accelerator
Mass Spectrometry in Livermore, CA.
b Values reported for δ13C are the assumed values according to Stuiver and Polach (Radiocarbon, v.19, p. 355, 1977) when given without decimal places. Values measured for the
material itself are given with a single decimal place.
c Radiocarbon (14C) ages are given in years before present (yr BP) with 1-sigma uncertainties following the conventions of Stuiver and Polach (1977).
d Calibrated ages were calculated using CALIB 7.1 software (Stuiver and Reimer 1993) in conjunction with the INTCAL13 atmospheric data set (Reimer et al. 2013). Values are the
midpoint of the 2-sigma calibrated age range. Uncertainties are calculated as the difference between the midpoint and the minimum and maximum limits of the calibrated age range.
Radiocarbon ages> 46,401 result in calibrated ages beyond the limit for calibration (designated here as> 50,000). For radiocarbon ages approaching 46,401 CALIB returns a minimum
calibrated age, but not a maximum (designated here as greater or equal to the minimum calibrated age). All values are rounded to the nearest 10 years.
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for the four samples between 16.5 m and 4.8 m depth (SMI-5, SMI-6,
SMI-7, and SMI-8, from lowest to highest) below the Midden soil, give
an age range of 27,000 ± 2000 yr (SMI-5 at 16.5 m) to
14,000 ± 2000 yr (SMI-8 at 4.8 m) for the deposition of this sand unit,
with a corresponding IR50 age range of 26,000 ± 5000 yr (SMI-5) to
16,000 ± 2000 yr (SMI-8). The ages of the two samples from the
Midden soil also vary by method and mineral, but the quartz ages
(12,000 ± 1000 yr multigrain [SMI-10] and 7200 ± 600 yr FMM,
youngest component [SMI-9]) are consistent with rhizolith radiocarbon
ages ~15,000 to ~13,500 yr.
5. Aeolianite and aeolian sand on Santa Rosa Island
5.1. Distribution of aeolian deposits on Santa Rosa Island
The mapping units we recognize on Santa Rosa Island are identical
to those on San Miguel Island. The oldest aeolianite (Qeo) has thick-
nesses of at least ~12 m and is characterized by well-developed “Green
Mountain” soils in its upper part. This unit is found on stable, flat in-
terfluves that are underlain by pre-last-interglacial marine terrace de-
posits, primarily in an area to the south and west of Carrington Point
(Figs. 18, 19). Smaller areas of this unit are also mapped near Skunk
Point and a few kilometers to the southeast of Sandy Point. With the
exception of sea cliffs on the northern coast of Santa Rosa Island
(Fig. 20), exposures of the Qeo unit are rare and its distribution is de-
fined to a great extent by the presence of Green Mountain soils. It is
likely that Holocene sand dunes obscure much of the distribution of
Qeo, so it is possible that the unit is more widespread than that shown
on Figure 18. The age of the Qeo unit is unknown, but as on San Miguel
Island, it is found only on higher, older terraces of pre-last-interglacial
age (Figs. 18, 19, 20).
The Qes unit on Santa Rosa Island is younger than Qeo and is found
primarily to the east of Sandy Point, in the western part of the island
(Fig. 19). This area is known locally as “Pocket Field” and is char-
acterized, unfortunately, by few exposures. It can be inferred that the
unit is younger than Qeo, however, by the fact that the soils are less
well developed than the Green Mountain soils. In aeolian sands of the
Qes unit, soils are characterized by strong brown to yellowish-brown Bt
horizons underlain by Bk horizons that often form well-developed la-
minar calcretes. As on San Miguel Island, soils developed in unit Qes on
Santa Rosa Island lack the pisoliths that characterize the Green
Mountain soil developed in unit Qeo. Qes is found on pre-last-inter-
glacial marine terraces, thus permitting (but not requiring) an inter-
pretation that it is older than ~120,000 yr.
The youngest Pleistocene aeolian sand and aeolianite unit on Santa
Rosa Island is Qey, which consists of windblown sand, cemented or
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uncemented, overlying either ~80,000-yr-old or ~120,000 yr-old
marine terrace deposits. These deposits are found around Sandy Point,
intermittently along the north coast of the island, around Carrington
Point and to the south of it, and in a coastal strip along Bechers Bay
(Figs. 18, 21, 22). In the western and northern parts of the island, the
unit is as much as ~10 m thick where it overlies the ~80,000-yr-old
marine terrace, although thicknesses of 4–6 m are more common
(Fig. 23a). Skeletal sands are weakly cemented in this unit, much less so
than is the case in the Qeo unit. Soils developed in the upper parts of the
unit are characterized by prominent, reddish-brown Bt horizons un-
derlain by Bk horizons (laminar calcretes), very similar to the Qes unit.
Rhizoliths are common in the upper parts of this unit and sometimes
occur throughout it, possibly indicating slow accretion under a vege-
tation cover. In the western and northern parts of the island, the Qey
aeolianite is sometimes overlain by a few meters of brown or reddish-
brown, clayey alluvium. Around Bechers Bay, the Qey unit overlies
what Muhs et al. (2014, 2015) inferred is a marine terrace dating to
either the ~120,000 yr or ~100,000 yr high-sea stand (Figs. 21, 22).
Thicknesses of Qey here range from 6 to 14 m, and bedding is usually
horizontal, with weak or no cementation. Soils in the upper part of Qey
around Bechers Bay have reddish-brown Bt and laminar calcrete Bk
horizons, as is the case farther west, or simply have dark A horizons
underlain by B horizons characterized by clay lamellae. In the western
part of Santa Rosa Island, Qey is much more carbonate-rich and con-
tains calcretes and rhizoliths (Fig. 23a).
As noted above for San Miguel Island, the Qes unit is mapped on
terraces older than ~120,000 yr whereas the Qey unit is mapped on the
~120,000 yr and ~80,000 yr terraces. However, the similar degree of
soil development (reddish brown Bt horizons underlain by laminar
calcrete Bk horizons) in both the Qes and Qey units would permit an
interpretation that the two units are of similar age. Thus, it is possible
that on Santa Rosa Island, as on San Miguel Island, Qes is simply an
inland facies of Qey.
Finally, Holocene aeolian sand is found in places on Santa Rosa
Island. The sand, expressed as vegetated linear dunes (Fig. 19), is found
overlying the Qeo unit in the Carrington Point area. A Holocene age is
inferred for this unit because it has minimally developed soils with A/
AC/C profiles and is the host sediment for midden deposits. Similar
dunes overlie parts of the Qey unit along the northern, western, and
southwestern coasts of the island. Partially stabilized Holocene aeolian
sand is also present as small coppice dunes along the modern beach in
Southeast Anchorage. Paleosols within the Holocene dunes indicate
that aeolian sedimentation was episodic (Fig. 23b).
5.2. Stratigraphy and geochronology of aeolian sand on Santa Rosa Island
The oldest aeolian sand unit (Qeo) on Santa Rosa Island that we
have observed is a 12.6-meter-thick aeolianite section (SRI-126) ex-
posed to the west of Carrington Point (Figs. 18, 19, 20). A wave-eroded
bench, without overlying marine deposits, is cut on the Miocene Bee-
chers Bay Member of the Monterey Formation and has an elevation of
~95 m above sea level. A paleosol developed in the Beechers Bay
Member is overlain by at least 4 m of what we interpret to be aeolian
sand, but bedding is not well exposed. A paleosol with a Bw horizon
30–40 cm thick has developed in these sands, which is in turn overlain
by cemented aeolianite with very well-preserved bedding (Fig. 20).
Sands in the lower 8 m of this aeolianite have beds, interpreted to be
foresets, dipping 26° to 34° to the south-southeast. The foreset beds are
overlain by sands with lower-angle dips (~1° to ~11°), mostly to the
northwest, interpreted to be topset beds. With foresets dipping south-
southeast and topsets dipping northwest, paleowinds are inferred to be
from the northwest. The uppermost part of the unit is capped by a
stripped Green Mountain soil (Fig. 23b), with rhizoliths and possible
tree trunks in its lower part, and clay-filled solution pipes and Fe-
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Table 2
Optically stimulated luminescence (OSL) ages of quartz and infrared stimulated luminescence (IRSL) ages of K-feldspar (KF).
Numbers in bold are IR50 K-feldspar ages corrected for fading, considered to be the best overall age estimates.
Mineral Lab code/technique Depth Water
content
K U Th Ext. α Ext. β Ext. γ Cosmic Total dose Aliquots
used
O-D De Age
(m) (%) (%) (ppm) (ppm) (μGy/a) (μGy/a) (μGy/a) (μGy/a) (μGy/a) (%) (Gy) (ka)
SMI-11
Quartz MG 0.05 10 1.49 8.8 2.6 19 1996 1329 264 3608 ± 97 10/11 55 0.06 ± 0.07 ~15 yrs
Modern
SMI-9
Quartz MG 0.2, 10 0.83 0.9 2.8 3 678 392 210 1284 ± 32 19/19 36 23 ± 2 18 ± 2
Quartz SG1 Midden 50% 63 23 ± 1 18 ± 1
Quartz SG2 Soil, 31% 9.2 ± 0.7 7.2 ± 0.6
KF pIR-IR290 Upper 62 701 1821 ± 62 6/6 20 53 ± 5 29 ± 3
KF IR50 6/6 21 30 ± 2 16 ± 1
KF IR50, corrected 21 ± 3
SMI-10
Quartz MG 0.8, 10 0.83 1.0 2.9 3 692 406 190 1292 ± 50 17/19 54 15 ± 1 12 ± 1
KF pIR-IR290 Midden 7/7 16 51 ± 3 28 ± 2
KF IR50 Soil, 74 715 1842 ± 70 7/7 24 31 ± 3 17 ± 2
KF IR50, corrected Lower 22 ± 4
SMI-8
Quartz MG 4.8 10 0.91 0.9 1.6 3 207 358 137 1200 ± 39 19/19 51 16 ± 2 14 ± 2
KF pIR-IR290 Yardang 9/9 6 39 ± 1 23 ± 1
KF IR50 Aeolianite, 50 726 1726 ± 61 9/9 12 21 ± 1 12 ± 1
KF IR50, corrected Upper 16 ± 2
SMI-7
Quartz MG 8.8 10 0.50 0.6 0.8 2 396 204 89 691 ± 34 18/19 47 15 ± 1 22 ± 2
Yardang
Aeolianite,
Upper-
Middle
SMI-6
Quartz MG 12.8 10 0.83 0.7 1.2 2 621 303 62 988 ± 36 19/19 45 17 ± 2 17 ± 2
KF pIR-IR290 Yardang 9/9 9 43 ± 2 29 ± 2
KF IR50 Aeolianite, 39 642 1501 ± 59 9/9 9 24 ± 1 16 ± 1
KF IR50, corrected Lower- 21 ± 3
Middle
SMI-5
Quartz MG 16.5 10 0.75 0.6 1.3 2 562 280 46 890 ± 24 17/17 41 70 ± 7 78 ± 8
Quartz SG1 Yardang 50% 90 24 ± 2 27 ± 2
Quartz SG2 Aeolianite, 11% 156 ± 7 176 ± 10
KF pIR-IR290 Lower 36 581 1398 ± 52 6/8 27 40 ± 2 33 ± 2
KF IR50 6/8 28 28 ± 2 20 ± 2
KF IR50, corrected 26 ± 5
SMI-4
Quartz MG 17 15 2.57 1.2 5.1 5 1743 856 44 2649 ± 83 14/14 14 118 ± 5 44 ± 3
KF pIR-IR290 Simonton 9/9 13 114 ± 5 35 ± 2
KF IR50 Soil II 91 1802 3248 ± 99 9/9 13 95 ± 5 29 ± 2
KF IR50, corrected 38 ± 6
SMI-3
Quartz MG 17.5 15 2.57 1.2 6.7 5 1776 921 43 2746 ± 85 13/13 14 138 ± 7 50 ± 3
Quartz SG1 Simonton 44% 43 183 ± 6 67 ± 3
Quartz SG2 Soil II 34% 112 ± 5 41 ± 2
KF pIR-IR290 117 1836 3361 ± 102 9/9 10 180 ± 3 54 ± 2
KF IR50 9/9 12 121 ± 6 36 ± 2
KF IR50, corrected 48 ± 7
SMI-2
Quartz MG 18.2 15 1.91 0.8 4.0 3 1290 636 40 1970 ± 62 17/17 29 199 ± 15 101 ± 8
Quartz SG1 Simonton 37% 45 159 ± 5 81 ± 4
Quartz SG2 Soil I 14% 94 ± 4 48 ± 3
KF pIR-IR290 66 1333 2531 ± 79 8/8 12 160 ± 7 63 ± 4
KF IR50 8/8 13 143 ± 7 56 ± 3
KF IR50, corrected 75 ± 11
Notes:
Samples are arranged in stratigraphic order, from top to bottom. Burial depths are measured from the top of the Midden Soil.
SMI-11 – modern analog taken from Sandblast Pass.
Multi-grain (MG) measurements were carried out on 2-mm aliquots (~150 grains). SG – single grain measurements.
IR50 and pIR-IR290 are potassium feldspars (KF) measured using the infrared stimulated (IR) signal at 50 °C and 290 °C, respectively (see text for details), with the IR50 ages corrected for
anomalous fading (marked “corrected” in second column).
De and errors were calculated using the Central Age Model (CAM).
“Aliquots used” for MG are the number of aliquots used for calculating the average De from those measured, whereas for SG it is the percentage of grains in the fraction identified with the
Finite Mixture Model (FMM; see main text for details). SG1 and SG2 are the most significant components identified using the FMM.
O-D – over-dispersion, a measure of the scatter in the sample. O-D values for SG are always higher than MG measurements.
Grain size for all samples - 125–150 μm.
Water contents were measured after returning from the field, giving values of 4–8% for the sand and 13% for the soil (SMI-12).
Due to the risk of drying during sample transport, moisture contents of 10 ± 2% or 15 ± 3% were used for the upper and lower samples, respectively.
Errors on the concentrations of K, U and Th are 5%, 8% and 10% of the values, respectively. Note that dose rates differ for quartz and KF.
KF were not etched. K-content was estimated at 12 ± 0.5%, giving an internal beta dose of 455 ± 45 μGy/a (not in table). The a-value was estimated at 0.09 ± 0.02.
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pisoliths in its upper part. This in turn is overlain by Holocene aeolian
sand that we discuss below.
Unfortunately, in this entire section, no materials suitable for
dating, such as snails or charcoal, could be found. Even the rhizoliths
show evidence of secondary dissolution and reprecipitation. Our only
basis for an age estimate for this unit is a maximum-limiting estimate
based on the elevation of the underlying wave-cut bench. Muhs et al.
(2014) reported that the 2nd emergent terrace on the northern coast of
Santa Rosa Island has a shoreline angle elevation of ~24 m and has
been dated to ~120,000 yr. If we assume a + 6 m paleo-sea level at the
time of terrace formation at ~120,000 yr, this yields a late Quaternary
uplift rate of 0.15 m/1000 yr. With an outer edge of ~95 m, the wave-
cut bench underlying the aeolianite west of Carrington Point could be at
least as old as ~650,000–600,000 yr, if we extrapolate this uplift rate
back in time. The aeolianite overlying the wave-cut bench must be
younger than this maximum-limiting age.
The Qey unit is found around the margins of the island, overlying
marine terraces of the last interglacial complex, but its stratigraphy and
sedimentology differ considerably from location to location. To the
south of Carrrington Point, near Coati Point, coastal sections of falling
dunes are exposed along the northwestern margins of Bechers Bay
(Figs. 19, 21). Falling dunes have not been previously reported as such
on the Channel Islands and therefore a brief description of their origins
is given here.
When aeolian sand in transit encounters a major topographic ob-
stacle, such as a sea cliff or a mountain front, but where winds are
sufficiently strong, sand can be deposited on the obstructing slope,
creating a landform called a “climbing dune” or “sand ramp,” as they
are called in the Mojave Desert (Lancaster and Tchakerian 1996).
Climbing dunes composed of carbonate aeolian sand, underlain by
older aeolianite, are also well exposed at Groper Bay, South Australia
(see Short 2014; his Figure 10). On the Channel Islands, a good example
of a climbing dune is the modern, active dune derived from beach sands
at Cuyler Harbor (Fig. 4). Inactive (stabilized) climbing dunes are also
found on the northwestern coast of Santa Rosa Island, a short distance
to the northeast of Sandy Point (Fig. 19b). If winds are sufficiently
strong that some aeolian sand can be transported over the topographic
obstacle and deposited on the leeward side, the resulting landform is
called a “falling dune” (also called a sand ramp). Good examples of
dissected, but inactive falling dunes are found to the southeast of Sandy
Point in northwestern Santa Rosa Island (Fig. 19b). Because both
climbing and falling dunes occur on slopes, aeolian sands within them
are often interbedded with colluvially derived coarser clasts, including
fragments of bedrock, calcrete or other materials eroded from upslope.
Fig. 18. Map of Santa Rosa Island showing distribution of aeolianite and uncemented aeolian sand, stratigraphic sections studied (filled red circles), locations of modern beach sands
sampled (open blue circles), marine terrace fossil localities, and locations where the Green Mountain soil (see text for discussion) has been observed (filled green circles). Mapping done in
the field by the authors, using a 1:24,000 USGS topographic map base. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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One of the sections exposed within a falling dune is near Coati Point
(SRI-1 in Muhs et al. 2014; SRI-2 in Fig. 18) where ~15 m of aeolian
sand and aeolianite overlie coral-bearing marine terrace deposits
(Fig. 21a). Corals from the marine terrace deposit below the aeolian
sand package yielded U-series ages of ~113,000 yr to ~110,000 yr
(Muhs et al. 2015), indicating that the marine deposits could correlate
with either the ~120,000 yr high-sea stand (MIS 5.5) or the
~100,000 yr high-sea stand (MIS 5.3). A paleosol is present in the
upper part of the marine deposits and aeolian sands are found above
this buried soil. Some of the aeolian deposits are bedded and some are
cemented into aeolianite; other deposits are loose, unbedded sand.
Pebble layers are found in some parts of the section, which is part of the
basis for interpreting these otherwise well-sorted sands as part of a
falling dune deposit. Falling dunes are often composed of aeolian sand
interbedded with colluvium. Aeolian deposition was episodic since
marine terrace emergence, as shown by the presence of paleosols
(Fig. 21b).
It is difficult to determine the precise age of the aeolian sands at
Coati Point, except that they post-date the peak of the last interglacial
period (MIS 5.5) at ~120,000 yr. Land snails were found at depths of
~12.6 m and ~10.2 m, within and at the top of the oldest aeolianite,
and both yielded calibrated radiocarbon ages of ~46,000 yr (Fig. 21b
and Table 1). Because these apparent ages are at the practical limit of
the radiocarbon dating technique, it is likely they are both older, as
very small amounts of modern carbon contamination can yield appar-
ently finite ages in a material that is beyond the limit of radiocarbon
dating (Pigati et al. 2007). In any case, the lowest few meters of aeolian
sand must be younger than ~120,000 yr (based on the U-series ages
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discussed above) but no younger than ~46,000 yr. The ~10 m of
aeolian sand above this could be younger than ~46,000 yr, if we accept
the radiocarbon ages of the snails. Based on degree of soil development,
the longest period of stability recorded in the section at Coati Point
appears to have been since the last episode of aeolian sand deposition
(the upper ~5 m of section). The modern soil in this part of the section
is well developed and carbonate minerals (calcite and aragonite) have
been largely leached away, other than in their accumulation in rhizo-
liths (Fig. 21b).
Aeolian sands are also exposed in cliff sections along Southeast
Anchorage (Fig. 18). Here, aeolian sand is uncemented and ranges in
thickness from ~6 to ~11 m (Fig. 22), overlying marine terrace de-
posits that are thought to be correlative with those at SRI-1/SRI-2. The
aeolian deposits are often unbedded, but at one locality, finely lami-
nated beds, either horizontal or dipping gently seaward, are found. At
two localities, well-developed soils with reddish-brown Bt horizons are
found in the upper part of the aeolian sand and at the other two lo-
calities, clay lamellae are found below the A horizon of the modern soil.
At the locality where bedded sand is found, in places horizontal beds
are deformed in a manner suggesting the possibility of tracks left by a
large mammal, such as Mammuthus (Fig. 22), similar to track prints in
aeolianite described by Loope and Abegg (2001), Roberts et al. (2008),
and Milàn et al. (2015). Because the youngest, reliably dated mammoth
on Santa Rosa Island has a calibrated radiocarbon age of ~12,900 yr
(Agenbroad 2005), we infer that the aeolian sand deposited around
Southeast Anchorage is younger than ~110,000 yr (the youngest age of
the marine terrace corals), but older than ~12,900 yr. An age older
than ~12,900 yr is consistent with the occurrence of the reddish-brown
Bt horizons found in these units, which are better developed than soils
we have seen in Holocene aeolian sands on Santa Rosa Island.
On the western part of Santa Rosa Island, carbonate-rich aeolianite
overlies the 1st emergent marine terrace, which Muhs et al. (2015)
dated to ~80,000 yr (MIS 5.1), based on five U-series ages of corals
from locality SRI-27 (Figs. 18, 19). Here, relatively thin, but weakly
cemented aeolianites form at least two units, separated by a soil Bk
(calcrete) horizon (Fig. 23a). Radiocarbon ages of rhizoliths from these
units differ little in age and are actually reversed relative to the stra-
tigraphy, but imply that the start of aeolian sand stabilization took
place around ~29,000 yr before present. The aeolian sand above the
~80,000-yr-old marine terrace deposits is overlain by a very well-de-
veloped soil with a reddish-brown Bt horizon that forms distinctive soil
pipes (not visible in Fig. 23a). This soil is in turn overlain by ~4 m of
Holocene aeolian sand that contains four midden deposits. The second-
oldest of these (2.85 m depth) contains sea urchin (Strongylocentrotus
sp. [?]) plates that yielded a calibrated radiocarbon age of
5570 ± 80 yr, confirming the Holocene age of the upper ~4 m of the
aeolian section. Thus, in this section, aeolian sand deposition took place
between ~80,000 yr and ~30,000 yr and then again in the Holocene.
Holocene linear and coppice dunes are found on the northwestern
part of Santa Rosa Island, along Southeast Anchorage, and south of
Carrington Point (Figs. 18, 19). Southwest of Carrington Point at lo-
cality SRI-140, a short distance from SRI-126, what we interpret to be
linear dunes of Holocene age are exposed in an interdune area
(Fig. 23b). Orientations of the long axes of dunes in this area (Fig. 19a)
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indicate paleowinds from the west-northwest, similar to modern winds
(Fig. 2b). Two paleosols are found within the exposure, which in total is
only a few meters thick. Land snails in the lower paleosol yielded ca-
librated radiocarbon ages (Table 1) of 3520 ± 60 yr (WW10706) and
2980 ± 100 yr (WW10707); from the upper paleosol, a land snail gave
a calibrated age of 610 ± 60 yr (WW10708). Thus, in this area, dunes
were active during the late Holocene, and the youngest aeolian sand
was apparently stabilized in just the past few centuries.
5.3. Mineralogy of aeolian sand on Santa Rosa Island
The mineralogy of beach and aeolian sand on Santa Rosa Island is
quite variable. Modern beach sand at Bechers Bay contains quartz,
plagioclase, calcite, K-feldspar (in most, but not all samples), and am-
phibole (in about half the samples). Aragonite was not detected in any
of the modern beach samples from Bechers Bay and total CaCO3, ap-
parently represented only by calcite, has a range of only 6–17%.
Modern beach sands at Sandy Point on Santa Rosa Island contain
quartz, plagioclase, calcite, and aragonite, with K-feldspar in most
samples. Total CaCO3 in these sands, including both calcite and ara-
gonite, has a range of 10–22%, still lower than that in beach sands on
San Miguel Island, but higher than modern beach sand at Bechers Bay.
Holocene aeolian sands (Qeh) at Sandy Point also have quartz, plagi-
oclase, calcite and aragonite, and total CaCO3 (calcite and aragonite)
has a range of 27–45%, significantly higher than the local beach sand.
The Pleistocene aeolian sand (Qey) at Sandy Point contains quartz,
plagioclase, K-feldspar (most samples), calcite, and aragonite, with total
CaCO3 content higher still, ranging from ~42% to ~68%. Finally, the
older aeolianite (Qeo) section at SRI-126, southwest of Carrington
Point, has sands containing quartz, plagioclase, K-feldspar (most sam-
ples), and only calcite, without a trace of aragonite. Despite the lack of
aragonite in this aeolianite, total CaCO3 is still relatively high, with a
range of 32–49%.
Overall, comparison of relative abundances of quartz, plagioclase,
and calcite shows that, like San Miguel Island, both Holocene and
Pleistocene aeolian sand at Sandy Point on Santa Rosa Island differ from
local, modern beach sand in having a higher carbonate content
(Fig. 24a, b). This is also the case with the older aeolianite at Carrington
Fig. 21. (a) Photograph of section (SRI-1 and SRI-2) in a falling dune deposit exposed near Coati Point on Santa Rosa Island (see Figs. 18 and 19 for location) overlying a dated marine
terrace. (b) Diagram of exposure illustrated in (a) showing stratigraphic units, paleosols, calibrated radiocarbon ages of land snails (from Table 1), U-series ages of marine terrace corals
(from Muhs et al. 2015), relative abundances of calcite and aragonite to quartz (taken from peak heights of 29.4°/20.9° and 26.2°/20.9° 2θ) and total CaCO3 content as a function of depth
and stratigraphic unit.
7.8 m
a.s.l.
M
ET
ER
S 
AB
O
VE
 
SE
A 
LE
VE
L
10
0
15
5
Qey
Qey 
+
Qac
Qmt
6.9 m
a.s.l.
Qey
Qeh
Wave-
cut
bench
Qey
Y
Y
Y
Y
Qmt
7.4 m
a.s.l.
Qey
Qmt
6.0 m
a.s.l.
Beechers
Bay 
Member
of the
Monterey
Formation
Qey
Y
Y
Y
Y
Wave-
cut
bench
Wave-
cut
bench
Wave-
cut
bench
WEST
EAST
SE Anchorage
loc. 7
SE Anchorage
loc. 9
SE Anchorage
loc. 12
SE Anchorage
loc. 13
(a)
(b)
(c)
QmtQey
Beechers
Bay 
Member
of the
Monterey
Formation
Beechers
Bay 
Member
of the
Monterey
Formation
Beechers
Bay 
Member
of the
Monterey
Formation
A horizon
Bt horizon
Horizontal
bedding
Aeolian sand Marine terrace
deposits
Y
Rhizoliths
Y
Clay lamellae Possible 
mammoth
tracks 100,000 yr
or
120,000 yr
Fig. 22. (a) Sections exposed along Southeast Anchorage on Santa Rosa Island (see Fig. 18 for location) showing stratigraphy and aeolian units, which here are uncemented. (b) Possible
mammoth tracks (arrows) in aeolian sand in one of the sections shown in (a). (c) Enlargement of possible mammoth tracks shown in (b).
Photographs by D.R. Muhs.
D.R. Muhs et al. Palaeogeography, Palaeoclimatology, Palaeoecology 491 (2018) 38–76
65
Point (Fig. 24c), which has more calcite than either local Bechers Bay
beach sand or Sandy Point beach sand. Comparing quartz, plagioclase,
and calcite shows that Holocene, late Pleistocene, and middle Pleisto-
cene aeolian sands or aeolianite all have higher carbonate content than
modern beach sands on Santa Rosa Island (Fig. 24).
6. Reconnaissance studies of aeolianite on Santa Cruz Island
Santa Cruz Island (Fig. 25) is the largest of the Channel Islands and
has a much more complex geology than any of the others. However, the
geology of the easternmost part of the island, where our studies were
conducted, is simpler than farther west and is dominated by three rock
units. The oldest of these units is the Santa Cruz Island Volcanics of
Miocene age, with 40Ar/39Ar ages of 17–16 Ma (Luyendyk et al. 1998).
The volcanic rocks of the eastern part of Santa Cruz Island are overlain
in places by the Miocene Monterey Formation (Fig. 26a). The Monterey
Formation is siliceous marine shale that also contains bentonite, car-
bonate nodules, and marine fossils. Along the northeastern coast of
Santa Cruz Island, the Monterey Formation is overlain by what Weaver
et al. (1969) called the Potato Harbor Formation (Fig. 26a). The low-
ermost part of the Potato Harbor Formation is fossiliferous marine
terrace sand and gravel. Weaver and Meyer (1969) considered the
marine terrace facies of the Potato Harbor Formation to be of Pliocene
age, based on the presence of an extinct faunal element, Pecten healeyi,
but Scott and Pinter (2003) correlated the terrace with the ~400 ka
MIS 11 high stand of sea. We have no new age data for the fossils in this
marine terrace deposit, but we suspect it is likely somewhere between
the age estimates of Weaver and Meyer (1969) and Scott and Pinter
(2003). Using the highest elevation of the ~120,000-yr-old marine
terrace reported by Pinter et al. (2003), Muhs et al. (2014) calculated a
maximum possible late Quaternary uplift rate of ~0.09 m/1000 yr on
Santa Cruz Island. Using this uplift rate, the marine bench at ~85 m in
northeastern Santa Cruz Island could be at least ~900,000 to
~1,000,000 yr old. Weaver et al. (1969) considered aeolianite of highly
variable thickness that overlies the marine terrace deposits to be part of
the Potato Harbor Formation (Fig. 26a and b).
Reconnaissance studies were made of the aeolianite facies of the
Potato Harbor Formation. At Cavern Point, the marine bench cut on the
Santa Cruz Island Volcanics is overlain by fossiliferous marine sand and
gravel. A paleosol with a Bw horizon has developed in the upper part of
these marine terrace deposits and this buried soil is in turn overlain by
aeolianite (Fig. 26c). Aeolianite here ranges in thickness from 1.5 m to
11 m, but elsewhere, near Potato Harbor (Fig. 25b), it is as much as
~33 m thick. The thicker aeolianite near Potato Harbor appears to have
been deposited episodically, as paleosols with calcrete Bk horizons are
intercalated with aeolian sand. Because of the difficulty of access on
these treacherous cliffs, precise measurements of stratigraphic units
near Potato Harbor were not possible. However, in the lower part of the
aeolianite near Potato Harbor, beds with dips of 20° to 26° to the south
were measured. At Cavern Point, the single aeolianite unit exposed is
well cemented and hosts a large number of calcite rhizoliths in its upper
part. Despite the abundance of these secondary features, high-angle
(~27°) foreset beds are still apparent and dip to the east (Fig. 26c and
d). Thus, at least for the Cavern Point area, we infer paleowinds from
the west at the time of dune formation.
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Fig. 23. (a) Photograph of late Quaternary aeolianite units over-
lying ~80,000-yr-old marine terrace deposits (U-series ages of
marine terrace corals from Muhs et al. 2015) at the SRI-27 locality
on Santa Rosa Island (see Figs. 18 and 19 for location). Calibrated
radiocarbon ages of aeolianite units in (a) are taken from Table 1;
U-series ages of marine terrace corals are from Muhs et al. (2015).
Photo by D.R. Muhs. (b) Exposure (SRI-140) west of Carrington
Point on Santa Rosa Island (see Figs. 18, 19 for location) showing
internal stratigraphy within a Holocene linear dune and calibrated
radiocarbon ages of land snails in paleosols (taken from Table 1).
Note also eroded surface of Green Mountain soil developed on
middle Pleistocene aeolianite which can be traced seaward to SRI-
126 section (Fig. 19). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of
this article.)
Photograph by D.R. Muhs.
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7. Discussion
7.1. Origin of carbonate-rich aeolian sand and aeolianite on the northern
Channel Islands
The occurrence of carbonate-rich beach and aeolian sand on the
northern Channel Islands is unusual for the Pacific Coast of North
America. Aeolian sands along most of this coast, from Baja California,
Mexico to southern Canada, are composed largely of quartz, plagio-
clase, K-feldspar, and silicate-dominated rock fragments. Results re-
ported here show that aeolian sand on the northern Channel Islands is
dominated by carbonate minerals (calcite and/or aragonite), with
subordinate amounts of quartz, plagioclase and K-feldspar. Total car-
bonate mineral contents in Pleistocene aeolianite on San Miguel Island
are 60–80%. On Santa Rosa Island, late Pleistocene aeolianite (from the
Sandy Point area) has somewhat lower carbonate contents, but still
ranges from 40% to 70%. Muhs et al. (2009) also reported high (30% to
40%) carbonate mineral contents for aeolian sand and aeolianite of
Pleistocene age on San Nicolas Island and San Clemente Island. In
contrast, mainland California aeolian sands contain at most a few
percent carbonate and some of these sands contain no measurable
carbonate at all.
Finding an explanation for the high carbonate content of Channel
Islands aeolian sands requires consideration of two different processes,
one oceanographic and biologic, and the other geologic and geo-
morphic. The first of these is high biological productivity offshore. The
cold California Current bathes the Pacific Coast of North America and is
similar to cold eastern boundary currents found along the west coasts of
other continents (Fig. 1). Associated with the California Current along
the coast are numerous upwelling cells, also found associated with
other eastern boundary currents (Carr 2001; Carr and Kearns 2003;
Blanchette et al. 2009). Upwelling brings nutrient-rich deep waters to
shallower depths and results in very high productivity of marine
organisms composed of calcium carbonate, including mollusks, echi-
noderms, crustaceans, corals, coralline algae and others. Thus, waters
adjacent to continents bathed by eastern boundary currents and asso-
ciated upwelling are part of the “cool-water carbonate factory” de-
scribed by James and Jones (2016). Emery (1960) reported that shelves
of the Channel Islands averaged ~27% calcium carbonate and bank
tops averaged 56% calcium carbonate. Norris (1951) reported that most
insular shelf sands to the northwest of San Nicolas Island have carbo-
nate contents of 40–80% and range up to 100%. It is notable that
aeolianites on the Canary Islands, also bathed by a cold eastern
boundary current with upwelling, are among aeolian sands with the
highest carbonate contents (Fig. 11d). This may explain why, on a
global scale, carbonate aeolianites are distributed in two zones: in the
tropical “warm-water carbonate factory” and along continents and is-
lands that are affected by cold eastern boundary currents and upwel-
ling, parts of the “cool-water carbonate factory” (Fig. 1).
The second process that explains the carbonate-rich aeolian sands of
the Channel Islands is geologic and geomorphic in nature. If high bio-
logical productivity alone were responsible for carbonate-rich aeolian
sands, then we could expect to see carbonate-rich dunes all along the
mainland California and Oregon coasts, adjacent to the California
Current and its upwelling zones. However, due to the tectonically active
nature of the Pacific Coast of North America, the mainland is char-
acterized in most places by rugged coastal mountains, composed
dominantly of silicate-mineral-rich rocks. This, combined with steep,
highly dissected terrain, results in efficient transport of silicate-rich
sands from the North American mainland to the continental shelf. For
example, Santa Monica Basin, which receives sediment from mainland
fluvial sources, has estimated Holocene sedimentation rates of
40–90 mg/cm2/yr and Santa Barbara Basin, also fed by mainland flu-
vial sources, has Holocene rates of 80–130 mg/cm2/yr (Gorsline and
Teng 1989). Mainland California coastal dunes, therefore, derive most
of their sediment from coastal mountain range rocks that are rich in
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Fig. 24. Ternary diagrams showing composition of Santa
Rosa Island aeolian sand and aeolianite compared to
modern beach sand (< 500 μm fraction; see Fig. 18 for lo-
cations): (a) aeolian sand of Holocene age at SRI-27
(Figs. 18, 19); (b) aeolianite of late Pleistocene age at SRI-
27 (Figs. 18, 19); (c) middle Pleistocene aeolianite at SRI-
126) west of Carrington Point (Figs. 18, 19, 20). Diagrams
were constructed using X-ray diffractogram peak heights for
quartz (20.9° 2θ, Cu radiation), plagioclase (27.8–28.0° 2θ),
and calcite (29.4° 2θ); thus the diagrams portray relative,
not absolute abundances of these minerals.
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quartz and feldspar. Thus, although offshore biogenic carbonate sedi-
ment production is high along parts of the mainland California coast,
skeletal sands are diluted by significant inputs of silicate minerals de-
rived from coastal mountain ranges. Emery (1960) reports that main-
land sand beaches in southern California average only ~6% calcium
carbonate and mainland shelves average only ~9% calcium carbonate.
In contrast to mainland settings, most of the Channel Islands lack
mountainous terrain. As a result, silicate minerals do not dilute offshore
biogenic carbonate sands around these islands to the degree that they
do on the mainland. In contrast to the mainland, basins adjacent to
islands, such as Santa Catalina Basin and San Nicolas Basin, both well
offshore and protected from mainland fluvial sources, have Holocene
sedimentation rates of only 10–25 and 10–20 mg/cm2/yr, respectively
(Gorsline and Teng 1989). Whereas on the mainland, high biological
productivity and generation of carbonate mineral grains are exceeded
by delivery of silicate mineral grains, on the Channel Islands, biogenic
carbonate grain production rates exceed fluvial silicate grain delivery
rates. This explains why the Channel Islands have the northernmost
carbonate-rich aeolian sand yet reported on the coasts of the Americas.
Nowhere north of Point Conception on the Pacific Coast (Fig. 2b) has
the appropriate combination of high biological productivity and a
geographic and geologic setting where high biogenic sand production is
not diluted by mainland silicate sand input. In this regard, Channel
Islands aeolianites have some similarity to Australian aeolianites, even
though the latter occur on a continental coastline. In South Australia
and Western Australia, fluvial input to the continental shelf is minimal
because of the arid climate and subdued topography, whereas biolo-
gical production offshore is high (Collins 1988; James and Bone 2011;
Brooke et al. 2014; Murray-Wallace 2014; Short 2014; Bourman et al.
2016). Thus, shelf sediments off Australia are rich in carbonate sands,
providing the sources for the extensive aeolianites along the coast.
Within the suite of aeolian sands studied on the Channel Islands,
however, there are differences in carbonate content from island to is-
land. Overall, carbonate content is highest on San Miguel Island, lower
on Santa Rosa Island, and lowest on San Nicolas Island and San
Clemente Island (see Muhs et al. 2009 for data on the latter two is-
lands). This general trend may be a function of the position of each
island with respect to the California Current and its associated upwel-
ling (Fig. 2), as well as the size of the shelf areas to the west and
northwest of a given island. South of Point Conception, where the
mainland California coast changes from a north-south to an east-west
orientation, the California Current is farther offshore and farther from
the islands. Thus, while San Miguel Island, close to Point Conception,
receives much of the full impact of the California Current and its as-
sociated upwelling, the other islands are farther away and somewhat
protected from this current. San Clemente Island is the farthest removed
from the California Current of all of these islands and the carbonate
content of its aeolian sand is lower than all of the other islands (Muhs
et al. 2009).
Even on a given island, carbonate content is variable among aeolian
sands of different ages. The best example of this is on Santa Rosa Island,
where aeolian sand of late Pleistocene age near Sandy Point has car-
bonate contents of 42–68% whereas that of possible middle Pleistocene
age near Carrington Point has carbonate contents of 32–49%.
Furthermore, the late Pleistocene aeolian sands at Sandy Point contain
both aragonite and calcite, whereas those at Carrington Point contain
only calcite. James and Jones (2016) point out that given the unstable
nature of both aragonite and high-Mg calcite in the subaerial
(a)
(b)
Fig. 25. (a) Map showing location of Santa Cruz Island study area shown in (b). (b) Map of Santa Cruz Island showing distribution of the Potato Harbor Formation (slightly modified from
Weaver et al. 1969), much of which is composed of aeolianite. Also shown are locations of aeolianite exposures studied within this formation.
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environment, it is common for carbonate sediments or rocks to ex-
perience gradual, diagenetic conversion of aragonite and high-Mg cal-
cite to low-Mg calcite. On Santa Rosa Island, this has apparently taken
place over the past few hundred thousand years to the point of complete
alteration of any original aragonite grains.
Another example of variability in carbonate content within dif-
ferent-aged aeolian sands on a single island is that observed on San
Miguel Island for late Pleistocene and Holocene aeolian sands. At the
Hobbit House section, the highest carbonate mineral content is found
within the late Pleistocene Yardang aeolianite (Figs. 9, 10). Modern
beach sands collected along both Simonton Cove and Cuyler Harbor
(Fig. 3) have similar carbonate contents to each other, but both groups
of beach sands have significantly lower carbonate contents than aeolian
sands in the Yardang aeolianite. Interestingly, however, Holocene
aeolian sands that lie above the Midden soil have carbonate contents
that are intermediate between modern beach sands and the Yardang
aeolianite (Fig. 10). These observations suggest the possibility that
Holocene aeolian sands on San Miguel Island are derived partially from
reworking of late Pleistocene aeolian sand, but were also fed by inputs
from modern beaches.
An interesting question that arises from observations of variable
carbonate content is why late Pleistocene aeolian sand on San Miguel
Island has a higher carbonate content than that of modern beach sands.
One possibility is that biological productivity was greater in the past
than at present. This could have occurred during the last interglacial
complex (MIS 5), when most of the insular shelf off San Miguel Island
was submerged. However, another possibility is that the late
Pleistocene aeolianites exposed along Simonton Cove at present are the
distal portions of a dune field that extended as much as 15 km to the
northwest of the present coast of San Miguel Island (see discussion
below). We hypothesize that shelf sediments in this more northwesterly
location, closer to the California Current and undiluted by silicate in-
puts from the island, have higher carbonate contents than what is found
on modern San Miguel Island beaches. As an analog, Muhs et al. (2009)
reported that modern beach sands on San Nicolas Island have lower
mean calcium carbonate contents than modern insular shelf sands, to
the northwest of the island, reported by Norris (1951). Emery (1960)
showed that carbonate contents on the insular shelves of Santa Catalina
Island, Santa Barbara Island, and Anacapa Island are relatively low
close to shore and much higher in a seaward direction.
7.2. Chronology of carbonate-rich aeolian sand deposition on San Miguel
Island
Our most detailed reconstruction of aeolian sand depositional his-
tory comes from San Miguel Island. Three aeolian sand units, not in-
cluding the veneer of historical and/or Holocene aeolian sand, are re-
cognized. The oldest unit is found only on higher-elevation, pre-last-
interglacial complex (MIS 5) marine terraces and is characterized by the
Green Mountain soil with its distinctive A/E/Bt/Bk/C profiles, with Fe-
pisoliths in the E and upper Bt horizons. The age of this aeolian sand is
unknown, but an estimate can be made using a combination of late
Quaternary uplift rate, marine terrace elevation, and stratigraphic re-
lations. Muhs et al. (2014) reported a late Quaternary uplift rate of
~0.15 m/1000 yr for the ~24-m-high last-interglacial (~120,000 yr)
marine terrace on San Miguel Island, assuming a paleo-sea level of
Santa Cruz Island
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Paleosol
Marine terrace
deposits, 
84-86 m a.s.l.
High-angle foresets of
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Fig. 26. (a) Exposure in cove immediately north of Potato Harbor (see Fig. 25) showing major bedrock units on eastern Santa Cruz Island, including the Potato Harbor Formation with its
aeolianite facies. Note fault and associated sea caves. (b) Cross-bedded aeolianite in Potato Harbor Formation in cliff exposure a short distance west of exposure shown in (a). (c) Exposure
of Potato Harbor Formation aeolianite, underlying paleosol developed on fossiliferous marine terrace deposits, and Miocene Santa Cruz Island Volcanics below marine terrace deposits,
immediately east of Cavern Point (see Fig. 25 for location). (d) Detail of foreset beds in Potato Harbor Formation east of Cavern Point, showing replacement of much of original sediment
body with calcite rhizoliths.
Photographs by D.R. Muhs.
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+6 m relative to present. The outer edge of the lowest marine terrace
on San Miguel Island that has overlying aeolianite sand hosting the
Green Mountain soil has an elevation on the order of ~100 m. As-
suming a constant uplift rate over the middle-to-late Pleistocene, this
yields a maximum-limiting age of ~700,000–600,000 yr, similar to the
oldest aeolianite on Santa Rosa Island. Based on the extent of the Qeo
unit as shown in Figure 3, aeolian sand deposition during this period
was extensive, covering much of the interior of the island.
The next youngest aeolian unit (Qes/Qto) is also found on some of
the highest marine terraces, but does not host the Green Mountain soil.
This unit is found in areas of the island that are seaward of the Qeo/Qto
unit. Soils in this aeolian unit rarely have preserved A horizons, but
strong brown to yellowish-brown Bt horizons and Bk horizons are al-
most always present. The less extensive degree of soil development
compared to the Green Mountain Soil indicates that this is a con-
siderably younger aeolian sand. Its age is uncertain as we have not
found datable materials within it. Based on the similar degree of soil
development, however, it is likely that the aeolian unit Qes/Qto is of
approximately same age as the oldest subunit within the youngest
mapped unit, Qey/Qty. The reddish-brown Bt horizons and laminar
calcrete Bk horizons of the soils hosted by the Qes unit are very similar
to Simonton soils in the lower part of unit Qey. Unit Qes could therefore
be simply an inland facies of the older aeolian sand found within unit
Qey.
The youngest (apart from historically active sand) aeolian sand unit
recognized, Qey/Qty, is found around the coast of much of the island,
except for the southern coast. The lower, thin aeolian packages within
this unit host the Simonton I and Simonton II soils, which have
morphologies (Bt and Bk horizons) similar to that found in the upper
parts of unit Qes/Qto. As discussed above, this observation indicates the
possibility that unit Qes/Qto and the lower parts of Qey/Qty could be of
similar age. Because we have not found exposures that allow us to trace
the buried Simonton soil I and Simonton soil II of Qey/Qty laterally to
the surface soils of Qes/Qto, this remains as a hypothesis to be tested in
future studies.
The best age estimates for aeolian sand deposition on San Miguel
Island come from the Qey/Qty unit. From the four stratigraphic sections
we studied, we recognize four periods of aeolian sand deposition.
Because all aeolian units rest on either the ~120,000 yr or 80,000 yr
marine terraces, all windblown sediments of this unit post-date the last
interglacial complex, MIS 5. The lowest two aeolian units, capped by
the Simonton I and Simonton II paleosols, are what Johnson (1972,
1977, 1980) referred to as the “Simonton Sedimentary Complex.” Al-
though these deposits are only a few meters thick at most, they can be
recognized along much of the length of Simonton Cove. At the Hobbit
House section, the lowest aeolian unit rests on what we interpret to be
the 120,000-yr-old (MIS 5.5) and 80,000-yr-old (MIS 5.1) marine ter-
races (Fig. 7). For simplicity we refer to this aeolian sand as “Older
Aeolianite I” and Simonton soil I is developed in the upper part of it.
Radiocarbon ages from Simonton soil I are> 50,000 yr. This would
indicate deposition of Older Aeolianite I sometime between 80,000 yr
and 50,000 yr. Radiocarbon ages from what we interpret to be Si-
monton soil I at the “Beachrock” section are also likely> 50,000 years
old. If our interpretation of this paleosol as the Simonton I soil is cor-
rect, this indicates deposition of the lowermost aeolian sand between
80,000 and 50,000 yr, consistent with the Hobbit House section. An
IR50 age of 75,000 ± 11,000 yr (SMI-2, Table 2) is consistent with this
estimate. Older Aeolianite I was therefore likely deposited during MIS 4
or possibly early MIS 3.
The deposit underlain by Simonton soil I and overlain by Simonton
soil II we refer to as “Older Aeolianite II.” At the Hobbit House section,
calibrated radiocarbon ages on charcoal from within Simonton soil II
range from ~36,200 yr (lowest sample) to ~26,100 yr (uppermost
sample). This indicates Older Aeolianite II was deposited prior to
~36,000 yr, but perhaps after ~50,000 yr, sometime within MIS 3.
IR50 ages (Table 2) from Older Aeolianite II of 48,000 ± 7000 yr
(lower part, SMI-3) and 38,000 ± 6000 yr (upper part, SMI-4) are
consistent with this interpretation. The radiocarbon ages also indicate
that Simonton soil II developed over a fairly long period of ~10,000 yr,
from at least ~ 36,200 yr to at least ~26,100 yr. Calibrated radio-
carbon ages on both charcoal and a land snail from the Yardang canyon
section are broadly consistent with this interpretation and indicate that
Simonton soil II was still developing as late as ~24,500 yr.
The period of thickest and most rapid Pleistocene aeolian sand ac-
cumulation on San Miguel Island is represented by the Yardang aeo-
lianite. At both the Hobbit House section and just east of the Yardang
canyon section, this unit consists of as much as 16 m of cross-bedded,
carbonate-rich sand, weakly cemented into aeolianite. Calibrated
radiocarbon ages from the Hobbit House section indicate that this unit
was emplaced between ~26,100 yr (uppermost age from the Simonton
II paleosol) and ~14,900 yr (rhizoliths from the lower part of the
overlying Midden paleosol). IR50 ages from within this unit indicate
aeolian sand accumulation from ~26,000 yr to ~21,000 yr and pos-
sibly as late as ~18,000 yr, which agree well with the bracketing
radiocarbon ages. At Yardang canyon, bracketing calibrated radio-
carbon ages from the same units are ~24,500 yr and ~17,900 yr, re-
spectively. Thus, both the radiocarbon and luminescence ages indicate
deposition of the Yardang aeolianite during the last glacial maximum,
or MIS 2.
It is interesting to note that Johnson (1977) reported bracketing
radiocarbon ages that, when calibrated, are close to ours for the
Yardang aeolianite at the Yardang canyon section. Johnson (1977) also
pointed out that the small difference in age between the upper and
lower ages indicated that the Yardang aeolianite was deposited rather
rapidly during MIS 2. Our bracketing radiocarbon ages at the Hobbit
House section support this interpretation. The similarity of multiple
luminescence ages within the Yardang aeolianite at the Hobbit House
section, over a depth of ~12.5 m, underscores an interpretation of
rapid aeolian sedimentation at the last glacial maximum.
7.3. Chronology of aeolianite deposition on Santa Rosa Island and Santa
Cruz Island
Although we have fewer geochronological data for aeolianite and
aeolian sand on Santa Rosa Island, stratigraphic relations and other
data allow us to make some inferences about the time of aeolian sand
deposition. The aeolianite section exposed at Sandy Point (Fig. 23a)
indicates that aeolianite deposition took place after ~80,000 yr (MIS
5.1), based on U-series ages of corals from the underlying marine ter-
race deposits reported by Muhs et al. (2015). However, calibrated
rhizolith ages of ~30,000 to ~28,000 yr indicate that by the latter part
of MIS 3, aeolian deposition had ceased and sand was being stabilized
by vegetation. If so, then the major period of aeolian sand deposition
must have been during MIS 4, a glacial period, or the early part of the
interstadial MIS 3, similar to what we observe in the older aeolianites
on San Miguel Island.
At Coati Point (Fig. 21), falling dunes, some of them weakly ce-
mented into aeolianite, were deposited after either MIS 5.5 or 5.3,
based on U-series ages of corals from the marine terrace deposits un-
derlying the 14-m-thick aeolian package (Muhs et al. 2015). The land
snails in the lower part of the aeolian package yielded ages of
~46,000 yr, but we interpret these as likely beyond the range of
radiocarbon dating. Thus, correlation of the overlying aeolianite
package to MIS 4, 3, or 2 could be possible. In any interpretation,
however, the thick aeolianite sequence at Coati Point indicates aeolian
deposition after the last interglacial period (either MIS 5.5 or 5.3). Si-
milar observations are made for the aeolian sand exposures along
Southeast Anchorage on Santa Rosa Island (Fig. 22). These aeolian
packages overlie the same marine terrace as at Coati Point, and thus are
younger than MIS 5.5 or 5.3. Well-developed soils in their upper parts
indicate that they are not sands of Holocene age. Furthermore, the
presence of probable mammoth tracks within some of the sands implies
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that the deposits are no younger than the youngest mammoths found on
Santa Rosa Island, which are between ~13,000 and ~12,000 yr. Thus,
these aeolian sands could have been deposited during MIS 4, 3, or 2,
similar to the falling dunes at Coati Point.
Finally, observations on Santa Rosa Island and Santa Cruz Island
indicate that aeolianites of probable middle Pleistocene or early
Pleistocene age were likely deposited during glacial periods. At
Carrington Point on Santa Rosa Island, thick, cross-bedded aeolianite,
with foresets dipping landward, are perched on an uplifted marine
terrace at ~95 m above sea level (Fig. 20). No sand source exists for
such a deposit, as the foreset beds are situated on the high sea cliff
immediately landward of the shore. Thus, prior to uplift of the aeolia-
nite and the underlying marine terrace deposit, a sand source must have
existed seaward of the present location of the cliff exposure, implying a
lower, glacial-age sea level. The age of such a glacial period is un-
known, but based on the uplift-rate-inferred age of the marine terrace
discussed earlier, it could be as old as ~650,000–600,000 yr. Because
the aeolianite here has a Green Mountain Soil developed in its upper
part (although largely eroded), this could also be an approximate
timing of the formation of older aeolianite that hosts a similar soil on
San Miguel Island (Fig. 3).
On Santa Cruz Island, a relation similar to that of the older aeolia-
nite on Santa Rosa Island exists with the aeolianite facies of the Potato
Harbor Formation. Here again, aeolianites with foreset beds dipping
landward are perched on an uplifted marine terrace well above the
modern shore, but with no sand source below (Fig. 26). The age of the
terrace is unknown, but based on an assumption of a constant rate of
uplift, it could be as much as a million years old. Common to late,
middle, and early Pleistocene aeolianites on the northern Channel Is-
lands is the observation that aeolian sands overlie marine terrace de-
posits, as opposed to grading into them laterally, as a facies change.
Furthermore, a paleosol is developed in the marine deposits (Figs. 20c,
21, 26c), indicating some amount of time had elapsed after marine
terrace emergence but before aeolianite deposition. Presumably, this
period of pedogenesis occurred during slow regression of the sea during
the initial phase of a glacial period. Thus, based on the geomorphic and
stratigraphic observations and geochronologic data from San Miguel
Island, Santa Rosa Island, and Santa Cruz Island, we infer that aeolia-
nite deposition on the northern Channel Islands seems to be related
primarily to glacial or interstadial periods, not interglacial periods, and
this pattern was repeated throughout the Pleistocene.
7.4. Aeolianite deposition and its relation to sea level: comparison of the
Channel Islands with other regions worldwide
Based on the late Pleistocene chronology of aeolian deposition
outlined above, much of the sand deposition on San Miguel Island and
Santa Rosa Island took place after the last interglacial period, or MIS
5.5. Sea levels during MIS 4, 3, and 2 (from ~75,000 yr to ~15,000 yr)
were substantially lower than present and certainly much lower than
during the high sea-stands all through MIS 5 (from ~120,000 yr to
~80,000 yr). Using the sea level curve of Muhs et al. (2012b), shown in
Figure 27, reconstruction from bathymetric maps demonstrates that
during the early glacial of MIS 4 (~65,000 yr), the interstadial of MIS 3
(~40,000–35,000 yr), and the last glacial maximum of MIS 2
(~25,000–20,000 yr), significant source areas of shelf sands would
have been exposed at all these times (Fig. 28). The geochronology
presented earlier for San Miguel Island shows that periods of carbonate
sand accumulation likely took place during MIS 4 and MIS 3, and
particularly during MIS 2 (Fig. 27). Furthermore, the geomorphic and
stratigraphic evidence from Santa Rosa Island and Santa Cruz Island
indicates that it is likely that aeolian sand deposition took place during
glacial periods in the middle Pleistocene and early Pleistocene as well.
The concept of aeolianite accumulation during glacial periods is
contrary to a broad generalization by some investigators that such de-
posits are primarily interglacial sea level indicators (Hearty and O'Leary
2008; James and Bone 2015; James and Jones 2016). Nevertheless,
examination of aeolianites from other coastlines around the world in-
dicates that the findings from the California Channel Islands are not
unique. Aeolianites on Porto Santo, Madeira, have been dated directly
to the last glacial period, ~25,000–15,000 yr (Lietz and Schwarzbach
1971). Butzer (1975) noted that on Mallorca, aeolianites exist where
there is no sand supply at present, and this is supported by our own
observations of landward-dipping foresets perched directly above the
modern shore on that island (Fig. 29a). On Sardinia, landward-dipping
aeolianite foresets, like Mallorca, can be found adjacent to the modern
shore, implying a source now offshore (Fig. 29b). In support of these
observations, Andreucci et al. (2010a, 2010b) report luminescence ages
of aeolianites on Sardinia that date to glacial or interstadial periods MIS
8, 6, 4, and 3, all times when sea level was much lower than present. In
Israel, early studies showed that aeolianites (locally called “kurkar”)
occur offshore, in waters as deep as ~100 m, implying formation
during a low stand of sea, and hypothesized to be of last-glacial age
(Almagor 1979). Later studies using luminescence dating, done onshore
along the Mediterranean coast of Israel, show that many aeolianites
formed during either MIS 4 and/or MIS 3 (Frechen et al. 2002; Porat
et al. 2004; Sivan and Porat 2004). On the island of Puerto Rico, aeo-
lianites are found along much of the modern, northern shore (Kaye
1959). We have observed aeolianites on the north shore of this island
with high-angle foresets dipping landward (south), indicating that the
source of sand must have been to the north, on what is now the sub-
merged insular shelf (Fig. 29c).
In those areas where aeolianite has been studied the most, Australia,
South Africa, and Bermuda, investigations of the past 15 years have
brought about revisions to the concepts of how these sediments accu-
mulate with regard to sea level. For example, Brooke et al. (2014) show
that in Australia, aeolianite deposition took place during glacial periods
MIS 4 and MIS 2, as well as during the peak of the last interglacial
period, MIS 5.5. In South Africa, Bateman et al. (2004) report lumi-
nescence ages indicating aeolianite deposition during MIS 4, 5, and 6
(i.e., two glacial periods as well as during an interglacial period). Fi-
nally, Rowe and Bristow (2015a, 2015b) have revised some of the
concepts of Bermudan aeolianite deposition. They emphasize that
aeolian sand accumulated as sea level was falling, i.e., in the transition
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Fig. 27. Sea level history over the past ~120,000 yr according to the Barbados-derived
coral reef record (green line; considered to be approximately eustatic) and that off
southern California (red line), modified for glacial isostatic adjustment (GIA) processes by
Muhs et al. (2012b). Also shown are times of hypothesized carbonate skeletal particle
buildup during interglacial high-sea stands (blue shaded area), hypothesized times of
aeolianite deposition on the Channel Islands based on geochronology given in this study,
during relatively low stands of sea, and times of paleosol formation, during slightly higher
stands of sea. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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between an interglacial high-sea stand and a following glacial low-sea
stand. This relationship is seen very clearly in coastal sections of Ber-
muda, where landward-dipping aeolianite foreset beds occur im-
mediately next to the modern shore, requiring deposition from a source
that must have come from an area presently offshore (Fig. 29d).
One potential problem with the concept of aeolianite accumulation
during low stands of sea is the idea that shelf sands could become ce-
mented when freshly exposed, before aeolian entrainment can take
place. For example, in the Bahamas, Halley and Harris (1979) showed
that cementation of carbonate ooids by terrestrial waters took place in
1000 years or less. Under such circumstances, any potential coastal
dune field would be starved of source sediments. We consider that it is
unlikely that such a scenario applies to last-glacial shelf sands on the
Channel Islands, however, where rainfall is considerably lower than it is
in the Bahamas. Holocene dunes on both San Miguel Island and Santa
Rosa Island, though rich in carbonate, are not cemented, and even last-
glacial sands on San Miguel Island are only weakly cemented into
aeolianite. Older, mid-to-early Pleistocene sands on Santa Rosa Island
and Santa Cruz Island are well cemented into aeolianite. These ob-
servations suggest that cementation to aeolianite may be a fairly gra-
dual process on the Channel Islands.
8. Conclusions
Coastal carbonate-rich dunes of Quaternary age, many cemented
into aeolianite, occur on several of the California Channel Islands.
These are the northernmost coastal carbonate aeolianites of which we
are aware on the Pacific Coast of the Americas. Carbonate contents of
aeolianites on the Channel Islands are very high compared to mainland
dunes of California. The high carbonate content of aeolianites on the
Channel Islands is due to a combination of two major factors, one of
them oceanographic and biologic and the other geologic and geo-
morphic. Biological productivity off the California coast is high, be-
cause California is bordered by the south-flowing, cold California
Current, which is accompanied by significant upwelling and delivery of
nutrient-rich waters to shallow depths. Second, the California Channel
Islands have limited land areas, gentle topography, and small drainage
areas. Therefore, insular shelves receive only a minimum amount of
terrestrial sediment from the islands' drainage basins in contrast to the
mainland California coast with its steep, topographically rugged coastal
mountains. High biological productivity combined with minimal dilu-
tion by silicate minerals results in shelf, beach, and aeolian sediments
that are high in skeletal carbonate sands on the Channel Islands com-
pared to the California mainland.
Several generations of carbonate aeolianites are present on the
California Channel Islands and have been mapped in the present study.
The oldest aeolianite mapped on San Miguel Island and Santa Rosa
Island hosts well-developed soils and, based on stratigraphic relations
with marine terraces, is older than ~120,000 yr and could be as much
as 700,000 yr to 600,000 yr old. Other aeolianites overlie pre-last-in-
terglacial (MIS 5) marine terraces, but have a degree of soil develop-
ment similar to those of aeolianites that overlie ~120,000 yr terraces.
The youngest aeolianite unit mapped on both San Miguel Island and
Santa Rosa Island is a sequence of three aeolian sand subunits overlying
the ~120,000 yr and ~80,000 yr marine terraces. Based on both
radiocarbon and luminescence methods, the oldest two aeolianite units
in this sequence may date to the early part of the last glacial period, MIS
4, and/or the interstadial that occurred during the last glacial period,
MIS 3. The youngest Pleistocene unit in this sequence hosts the thickest
aeolianite (up to ~16 m) on San Miguel Island and has maximum-
limiting calibrated radiocarbon ages of ~26,000 to 24,000 yr and di-
rectly dated luminescence ages of ~26,000 yr to ~18,000 yr.
Minimum-limiting calibrated radiocarbon ages range from ~15,000 to
~13,000 yr at one locality and ~18,000 to ~17,000 yr at another lo-
cality. These ages put the age of this youngest Pleistocene aeolianite
squarely within the last glacial period, MIS 2.Fi
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The geochronology of late Pleistocene aeolianite units found on San
Miguel Island and Santa Rosa Island indicates deposition during MIS 4,
3, and 2. Reconstruction of insular paleogeography using a sea-level
history for the past ~120,000 yr indicates that large areas to the north
and northwest of the Channel Islands would have been exposed at these
times, providing a ready source of carbonate-rich skeletal sands that
formed the parent material for the dunes.
Earlier, pre-last interglacial (i.e., pre-MIS 5) records of aeolianite
deposition have been observed on Santa Rosa Island and Santa Cruz
Island. Based on stratigraphic relations with the underlying marine
terraces, these aeolianites may date to the middle Pleistocene and early
Pleistocene, respectively. Nevertheless, based on bed geometry and
geomorphic setting, specifically their proximity to the coast and a lack
of source sediment, these aeolianites apparently also accumulated on
the islands when sea level was low, presumably during earlier glacial
periods of the Pleistocene, like their post-last-interglacial period coun-
terparts. Thus, collectively on the Channel Islands, we find evidence of
repeated low-sea-stand, glacial-age aeolianite formation, during the
early, middle, and late Pleistocene.
The observation of aeolianite formation during glacial periods on
the California Channel Islands contrasts with a concept, still cham-
pioned by some investigators, that aeolianite deposition worldwide is
dominantly an interglacial phenomenon. Nevertheless, glacial-age, sea-
level-low-stand timing of aeolianite formation can be found in other
localities as well, including Puerto Rico, Bermuda, Madeira, Mallorca,
Sardinia, and Israel. In regions where aeolianite is extensive, such as
Australia and South Africa, recent studies have shown that deposition of
these sediments is complex, and glacial, interglacial, and interstadial
periods can all be favorable times of formation. The findings reported
here and by other investigators were foreshadowed more than a century
and a half ago, when Darwin made simple observations of aeolianites
on St. Helena in the South Atlantic Ocean and raised questions about
their origins that required an appreciation of the complexity of sea level
history and its effects on sediment origins.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2017.11.042.
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